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Velvetbean caterpillars, Anticarsia gemmatalis Htlbner, were reared 
at different densities on soybean. The degree of dark pigmentation was 
density-dependent under field and laboratory conditions. The highest 
degree of dark pigmentation was expressed in the last instar.when 
larvae were crowded throughout development. Soybean plant age had no 
effect on the degree of dark pigmentation. Larval development was 
delayed and one-day-old adult weight was decreased as the larval 
density and plant age increased.
Size and biochemical composition of one-day-old A. gemmatalis 
adults were investigated in relation to larval pigmentation, larval 
density and plant age. Wet, dry and protein weights of adults 
declined with increases in larval pigmentation, larval density and 
plant age but these factors did not affect carbohydrate and lipid 
weights. The observed linear relationships between adult weight and 
the protein or lipid weights reflect the size-dependent nature of 
nutrient accumulation by the larvae.
Hemolymph concentration of carbohydrate in A. gemmatalis adult 
females decreased to a level of no further change after 60 min of 
flight. Total fatty acid concentration in the hemolymph increased 
during the first 30-60 min of flight and then declined to preflight 
levels. After four hours of flight, whole body lipid content had not 
changed but whole body carbohydrate was reduced 77.4%. These 
observations suggest that lipid is utilized more efficiently than
xi
carbohydrate during A. gemmatalis flight.
Growth and development of A. gemmatalis larvae were characterized 
on the basis of weight, instar and gate. Using this information, 
criteria were developed for the selection of synchronous last instar 
larvae with 94.5% certainty. The ability to obtain synchronous larvae 
enabled last instar development to be related with hemolymph titers of 
juvenile hormone esterase (JHE) activity, alpha-naphthyl acetate 
esterase activity and protein concentration.
Phase variation in size, pigmentation and development of A. 
gemmatalis was investigated in relation to density and juvenile hormone 
(JH) application. Increasing the JH level of crowded larvae resulted 
in larvae that were similar to uncrowded larvae in color, developmental 
rate, size and JHE activity. These results suggest that the JH titer 
of crowded A. gemmatalis larvae is lower than uncrowded larvae.
xii
GENERAL INTRODUCTION*
The physiological ecology of the velvetbean caterpillar, 
Anticarsia gemmatalis Hiibner, in relation to migration was 
conceptualized according to the following model. Insect migration is 
a behavior whose frequency and or timing in a population can be 
influenced by environmental factors, such as population density and 
food quality. Changes in these environmental factors are perceived by 
an insect through sensory receptors that send neural input to the 
central nervous system where the neural message is integrated. The 
central nervous system controls the physiological development of an 
insect through a neuroendocrine system which regulates the release of 
hormones, such as juvenile hormone (JH). These processes interact to 
result in the development of a premigrant which is an insect 
possessing the physiological ability to migrate. However, this insect 
will probably not initiate long-range flight and migrate unless it is 
presented with the proper synoptic weather conditions (Muller 1979).
This model of the physiological ecology of insect migration 
assumes that migration is a behavioral feature concomitant with a 
particular stage of development and is produced by the interaction of 
the environment with the neuroendocrine system. The development of 
this model is based on circumstantial evidence from known migratory
*The general introduction is written in the style used by the journal, 
Environmental Entomology.
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insects, such as locusts (Rankin and Rankin 1979, Fener 1983), aphids 
(Lees 1983, Rankin and Singer 1984), milkweed bugs (Dingle 1972,
Rankin and Rankin 1979) and armyworms (Matthde 1945, Long 1953, Iwao 
1968), as well as many nonmigrant insects (Harrison 1980, Nijhout and 
Wheeler 1982) which provide comparative data.
Anticarsia gemmatalis HUbner (Lepidoptera: Noctuidae) migrates
annually into the southern soybean producing areas of the United 
States from tropical overwintering areas south of 28° north latitude 
(Greene 1979, Herzog and Todd 1980). The reliability of photoperiod 
and temperature cues at low latitudes is poor and may be below the 
threshold of detection for insects with short generation intervals 
(Beck 1980), such as A. gemmatalis. Population density and food 
quality are environmental factors often associated with impending 
habitat deterioration in tropical and subtropical areas and would 
therefore be expected to play an important role in the development of 
migrant populations (Gatehouse 1986). In some migratory insects, 
specifically locusts, aphids and milkweed bugs, migratory behavior has 
been associated with high population density and poor food quality, 
which also produce changes in the biological parameters, growth rate, 
size (weight), biochemical content, JH titer and flight propensity 
(Iwao 1968, Johnson 1969, Dingle 1972, Peters and Barbosa 1977, Rankin 
and Rankin 1979, Pener 1983, Lees 1983, Rankin and Singer 1984).
Thus, population density and food quality may be essential factors in 
the development of migrant populations of A. gemmatalis.
Although migration is an important component of the life history 
strategy of A. gemmatalis and other migrant lepidopterous pests in the 
United States, essentially no information is available on how
environmental factors, such as population density and food quality, 
are correlated with the physiological development of a premigrant or 
migrant. This dissertation deals with the effect of population 
density and plant age on the physiological development of A. 
gemmatalis larvae and adults. The first two chapters investigate the 
effect of population density and plant age on larval biology and adult 
size and biochemical composition. Since the response of the larvae to 
environmental cues occurs before the adult stage, differential 
allocations of food during the larval stage may result in migratory 
forms being produced that differ from non-migratory forms in size, 
biochemical composition and other aspects of their biology (Slansky 
and Scriber 1985). The third chapter investigates the biochemical 
changes in carbohydrate and lipid during flight. Because the flight 
system is energetically costly to maintain and operate (Beenakkers et 
al. 1985), migratory capacity (flight duration) is dependent on the 
fuel supply and the rate of fuel consumption. The last two chapters 
investigate the role of JH in regulating the effect of population 
density on larval biology and adult size. Although insects possess a 
number of hormones that Influence development, JH is the only hormone 
that has been associated with the environmental factors and the 
processes related to premigrant development and migrant flight 
behavior (Rankin and Rankin 1979). Thus, the purpose of this study is 
to examine the physiological processes by which A. gemmatalis 
compensates for changes in population density and food quality.
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CHAPTER I
EFFECT OF DENSITY AND PLANT AGE ON COLOR PHASE VARIATION AND 
DEVELOPMENT OF LARVAL VELVETBEAN CATERPILLAR, 
Anticarsia gemmatalis HUbner (LEPIDOPTERA: NOCTUIDAE)
This chapter is written in the style used by the journal, 
Environmental Entomology
ABSTRACT
Velvetbean caterpillar, Anticarsia gemmatalis Hilbner, larvae were 
reared at different densities on 'Davis' soybean. The degree of dark 
pigmentation was found to be density-dependent under field and 
laboratory conditions. No significant effect on the degree of dark 
pigmentation was observed when the soybean plant ages R2 to R4, R4 to 
R6 and R6 to R7 were tested under laboratory conditions. Larval 
development was delayed and one-day-old adult weight was decreased as 
the population density and plant age increased. The highest degree of 
dark pigmentation was expressed in the last instar when larvae were 
crowded throughout development.
INTRODUCTION
Anticarsia gemmatalis Htlbner, the velvetbean caterpillar, is the 
key defoliator of soybean, Glycine max (L.) Merrill, in Louisiana and 
other Gulf Coast States (Herzog and Todd 1980). Cold winter 
temperatures limit the ability of A. gemmatalis to overwinter 
successfully (Watson 1915a,b, Buschman et al. 1981) north of 28° north 
latitude (Herzog and Todd 1980) which includes all of the major 
soybean producing states except southern Florida. ' The ability of the 
adult moth to migrate enables A. gemmatalis to ravage soybean in 
Louisiana and other states above 28° north latitude. However, little 
information is available on the effect of environmental factors, such 
as population density and host plant phenology, on the development of 
A. gemmatalis larvae.
Color phase change (Uvarov 1921) is a common characteristic of the 
juvenile stage of many migratory insects, especially Lepidoptera (Faure 
1943a,b, Matthde 1946, 1947, Long 1953, Iwao 1968, Hintze-Podufal 
1978, Johnson et al. 1985). It has been shown to be primarily density 
dependent in Lepidoptera (Faure 1943b, Matthde 1946, 1947, Long 1953, 
Iwao 1968, Johnson et al. 1985). Color phase variation has also been 
correlated with changes in behavior and physiology of certain migratory 
insects (Matthde 1945, Long 1953, Iwao 1968, Pener 1983). A. 
gemmatalis larvae have been described from field observations as 
ranging in color from green to black as the level of infestation 
increased (Watson 1915b, Ellisor 1942). Besides inducing color phase 
change, population density has also been shown to affect development 
(Long 1953, Iwao 1968, Peters and Barbosa 1977). The effect of 
density on A. gemmatalis development may be compounded by plant age.
A. gemmatalis larval development has been reported to vary with 
soybean plant age (Moscardi et al. 1981) and host plant suitability 
(Conti and Waddill 1982). Soybean leaf nutritional quality was 
reported to change with plant growth stage and cultivar resistance 
(Tester 1977). However, the relationship between A. gemmatalis larval
color phase and soybean phenology has not been investigated.
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Larval color and migratory capacity are correlated in many 
migratory insects with the effect of environmental factors, such as 
population density and host plant phenology (Johnson 1969, Dingle 
1972). In order to obtain an understanding of the association between 
larval color and migratory capacity, one must determine what 
environmental factors influence larval color and development. This 
investigation was conducted to characterize the effect of density and
soybean age on il. gemmatalis larval color phase and development. This 
study provides a base of knowledge which is leading to a better 
understanding of A. gemmatalis biology, including the ecology and 
physiology of migration.
MATERIALS AND METHODS
A. gemmatalis larvae used in all experiments were obtained from a 
colony in which the insects were reared individually for 15 generations 
on a soybean wheat germ diet (King and Hartley 1985). Evaluation of 
preliminary experiments in which larvae were reared on 'Davis' soybean 
in the laboratory and field resulted in the designation of three color 
categories or phases of the last instar; green, intermediate and black. 
All larvae were green, irrespective of the treatment, until after 
ecdysis to the last instar. The body color of green phase larvae 
ranged from yellow-green to olive green with head capsules matching 
the body color. Larvae that had patches of black coloration arranged 
randomly on the dorsum and subdorsum were classified as intermediate. 
Head capsule color of intermediate phase larvae ranged from 
yellow-orange to green. Black phase larvae possessed a velvety black 
color with a yellow-orange head capsule. Color categories were 
assigned a numerical value or score of 0 (green), 50 (intermediate) 
and 100 (black). The numerical value was used to indicate the degree 
of dark pigmentation and as an indicator variable for statistical 
analysis.
Field studies were conducted in screen cages (16 meters square) at 
the St. Gabriel Research Station, Louisiana Agricultural Experiment
Station, St. Gabriel, LA. Second instar larvae were placed on 
individual 'Davis' soybean plants at densities of 10, 30, 50 and 70 
larvae per plant. Plants were separated in all directions by 1.22 m. 
Each density treatment was set up in a separate cage. Control plants 
(10) with no larvae were randomly assigned in each density treatment 
cage. Plant age during the study was R2 to R4 (Fehr et al. 1971).
Once the larvae began to enter the last instar the number in each 
color phase was recorded daily. The proportions of black phase larvae 
and the mean color scores from successive days were pooled for each 
plant or replicate. Last instar larvae entering the wandering phase 
were collected daily and allowed to pupate in the laboratory (27±1°C; 
14L:10D). Defoliation was assessed by comparing the dry weight of 
leaves from plants with larvae to the dry weight of leaves on control 
plants. The study was replicated over two years (1983 and 1984) using 
10-40 plants per density per year.
Certain procedures were similar for all laboratory experiments. 
First instar larvae hatching from one night's oviposition were placed 
on excised 'Davis' soybean leaves in 100x15 mm petri dishes. Larvae 
were reared at 27±1°C and a photoperiod of 14L:10D. The bottom of the 
petri dish was lined with filter paper which was moistened or replaced 
as needed. Soybean leaves were collected from the top four 
trifoliolates of plants grown in field cages at St. Gabriel, LA.
Fresh leaves were sterilized in a one percent chlorox solution before 
feeding them to the larvae. Larvae were fed fresh leaves every other 
day until they reached the fourth instar, at which time fresh leaves 
were made available daily. The larvae were never allowed to exhaust 
their food supply. Laboratory experiments were conducted between
August 23 and October 15, 1984.
The Interaction of plant age, density, sex and larval color on
larval development and one-day-old adult wet weight was investigated
with a factorial design. The effect of variation between petri dishes
was tested as a nested factor within plant age, density and sex.
Three plant age ranges (Fehr et al. 1971) were tested; R2 to R4
(August 23 to September 20), R4 to R6 (September 13 to September 28)
and R6 to R7 (September 27 to October 15). The 'Davis' soybean
variety was physiologically mature by R6 and senescent by R7. Larvae
were reared on the R2 to R4 plant age at seven densities (1, 3, 5, 7,
9, 11 and 15 larvae per petri dish) and on the R4 to R6 and R6 to R7
plant ages at five densities (1, 3, 5, 7 and 9 larvae per petri dish).
Each density was replicated at least 10 times for each plant age.
Once the larvae had entered the last instar, color was recorded daily
as previously described. The effect of density on larval development
was assessed by recording the number of instars required to complete
development and the duration (days) of larval development from egg
hatch to pupation. The effect of density on the adult was determined
by recording one-day-old adult wet weights to the nearest milligram.
Means were calculated by averaging replicate records for each density.
®The general linear models procedure of SAS was used in data analysis.
The temporal effects of larval density on color was investigated 
by rearing larvae on plant age R4 to R6. 'Crowding' refers to 
increasing the density from one to seven larvae per petri dish. 
'Uncrowding' refers to decreasing the density from seven larvae to one 
per petri dish. Larvae were crowded or uncrowded at the beginning of 
each instar (between 0 hr and 1 hr after lights on). Color was scored
when larvae reached the last instar as described above. Mean color 
scores were calculated by averaging replicate (at least 5) scores for 
each treatment (crowding or uncrowding) and instar.
RESULTS
The color score (degree of dark pigmentation), proportion of black 
larvae and defoliation increased with density for the 1983 and 1984 
field experiments (Table 1). Although defoliation was highest at 70 
larvae per plant, the color score produced was lower than an 
intermediate score of 50 (Table 1). Less than half the initial 
numbers of larvae were recovered but no significant trends with 
density or season were observed (Table 1) and the relative densities 
were not affected.
The laboratory experiments also showed an increase in color score 
or degree of dark pigmentation with density (Fig. 1). Increasing 
density above seven larvae per dish did not change larval color score 
above 90 to 95 (Fig. 1). No color phase change from green (color 
score=0) was observed in the solitary treatment. However, some green 
color phase larvae were observed at densities of seven larvae per 
petri dish and above. Density had no affect on the timing of pigment 
change which did not occur until larvae had molted to the last instar. 
Plant age had no significant (P£0.1246) affect on color score (Fig.
1). The color score of males (73.2±7.0; meant95% confidence interval; 
n=153) was significantly (P<0.0001) higher than females (67.0±7.1; 
mean±95% confidence interval; n=168). There were no significant 
(P>0.17) interactions among plant age, density and sex.






















10 32 41.113.0 0.010.0 0.010.0 2.011.2 44 35.015.8 0.010.0 0.010.0 4.910.7
30 37 33.612.6 5.412.8 2.212.5 22.613.2 29 54.913.4 7.612.5 3.113.2 25.014.0
50 20 35.915.2 12.914.2 8.912.5 43.416.3 14 46.012.5 10.712.7 7.415.1 59.113.6
70 16 38.615.1 40.611.7 26.713.6 74.318.1 14 49.215.9 35.411.6 23.312.6 88.013.6
aValues are means 1 95Z confidence intervals and n is the number of plants or replicates.
^Number of second Instar larvae per plant.
CMean color scores (green-0, intermediate-50 and black-100) from successive days were pooled and a mean was caculated for 
each plant.
**The proportions of black phase larvae from successive days were pooled and a mean was calculated for 
each plant.
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LARVAE PER DISH
Figure 1. Effect of density and plant ages R2 to R4 (-----), R4 to
R6 (---- ) and R6 to R7 (--- ---) on A. gemmatalis larval
color score (green=0, intermediate=50 and black=100) or 
degree of dark pigmentation under laboratory conditions 
(100x15mm petri dishes, 27±1°C, 14L:10D photoperiod). 
Points represent means±95% confidence intervals (n212).
The duration of larval development significantly (P<0.001) 
increased with density only on plant age R6 to R7. Larvae reared at 
the same densities on plant ages R2 to R4 and R4 to R6 were not 
significantly (PfiO.0941) different in duration of development.
However, these larvae developed approximately two days faster than 
those on the physiologically mature plant age of R6 to R7 (Table 2; 
P<0.0001).
Larvae required five or six instars to complete development with 
only 0.93% of the larvae requiring seven instars. Differences 
(PS0.1081) in the number of larval instars were not observed between 
larvae reared on plant ages R2 to R4 and R4 to R6 (respective means ± 
95% confidence interval, 5.4±0.2 and 5.2±0.1, proportions of larvae 
pupating in five instars, 61.7% and 86.7%, and numbers observed, 324 
and 210). However, larvae reared on plant age R6 to R7 more commonly 
had six instars (P<0.0001; 5.8±0.1; mean±95% confidence interval; only 
22.0% required five instars; n=150). Plant age, density sex and color 
significantly (P<0.0001) affected one-day-old adult weight (Table 3) 
but interactions were not significant (P>0.0700).
The degree of dark pigmentation varied with the time and duration 
of larval crowding (Fig. 2). The highest color score occurred when 
larvae were crowded (seven larvae per petri dish) throughout larval 
development. When larvae were crowded (increasing the density from one 
to seven larvae per petri dish) in later instars than the first, the 
degree of dark pigmentation in the last instar was decreased (Fig. 2). 
When larvae were uncrowded (decreasing the density from seven larvae to 
one per petri dish) in later instars than the first, the degree of dark 
pigmentation was increased. The greater the number of instars or
Table 2. The effect of plant age and density on the duration of
larval A. gemmatalis development from egg hatch to pupation.
beDuration of Larval Stage in Days
Density ___________________________________________________
Plant Age Plant Age Plant Age
  __  R2 to R4 R4 to R6 R6 to R7 ___
1 14.8±0.5 (19) 14.2±0.3 (37) 16,,4±0.5 (24)
3 14.9±0.9 (12) 14.5±0.4 (21) 15,.5+0.7 (11)
5 13.0+0.0 (18) 15.2±0.4 (29) 17,,3±0.5 (18)
7 14.3+0.4 (30) 14.7±0.3 (35) 17,.7±0.6 (23)
9 14.9±0.5 (24) 16. 1±0.2 (45) 18,.0+0.4 (41)
11 15.0+0.5 (40)
15 15.3+0.3 (54)
gLarvae per petri dish.
^Values are means ± 95% confidence interval.
cValues in parentheses are the number of replications.
Table 3. The effect of color, plant age, density, and sex on A. 
gemmatalis one-day-old adult wet weight.
QFactor Level ben Weight (mg)C(*
Color Green 94 79.9+2.9a
Intermediate 25 68.8+6.7b
Black 222 64.4+2.Ob
Plant Age R2 to R4 73 74.4±3.2a
R4 to R6 147 69.7+2.7b
R6 to R7 101 64.l±3.4c







Sex Males 153 73.812.5a
Females 168 64.612.4b
There were no significant (a=0.05) interactions, therefore mean 
weights of treatment interactions are not listed.
^Replication was not the same due to unequal mortality. There was no 
obvious pattern in the mortality.
QWeight values are means ± 95% confidence interval where n represents 
the number of replications.
^Means within each factor followed by the same letter are not 
















Figure 2. The temporal effect of larval density on the color score or 
degree of pigmentation of A. gemmatalis larvae. The solid 
line refers to 'crowding' or increasing the density from one 
to seven larvae per petri dish while the dashed line refers 
to 'uncrowding' or decreasing the density from seven to one 
larvae per petri dish. For example, crowded third instar 
larvae were reared at one larva per dish until the third 
instar, when the density was increased to seven, while 
uncrowded third instar larvae were reared at seven larvae 
per petri dish until the third instar when the density was 
decreased to one. Larvae were crowded or uncrowded at the 
beginning of each instar. Points represent means±95% 
confidence intervals (n£16).
duration of larval development in which the larvae were kept crowded 
(seven larvae per petri dish), the greater was the degree of dark 
pigmentation. No significant (P50.1743) effect on color score due to 
the crowding or uncrowding treatments occurred until after the third 
instar (larvae were crowded or uncrowded at the beginning of an instar) 
indicating that the critical period for the group effect is in the 
second or third instar.
DISCUSSION
A. gemmatalis larval color was determined to be density dependent. 
Similar density dependent color variation responses have been reported 
in Spodoptera exempta (Walker) (Faure 1943a), Plusia gamma L. (Long 
1953), Spodoptera litura (F.) (Zaher and Moussa 1961, Tojo et al.
1985), Leucania separata Walker (Iwao 1968), Spodoptera littoralis 
(Boisduval) (Rivnay and Meisner 1966), Eudia pavonia L. (Hintze-Podufal 
1978), Ephestia kuhniella Zeller (Imura 1982) and Alabama argillacea 
(Htlbner) (Johnson et al. 1985). Besides density, larval color has been 
reported to be influenced by photoperiod (Faure 1943b, Long 1953, 
Hintze-Podufal 1978), temperature (Imura 1982, Johnson et al. 1985), 
the rearing medium (Long 1953) and starvation and relative humidity 
(Imura 1982) . Color phase variation is known to be under endocrine 
control in JL. separata (Ogura 1975) and A. gemmatalis (Fescemyer and 
Hammond 1986).
Although the degree of dark pigmentation differed, an increase in 
the degree of dark pigmentation with density was obtained under field 
and laboratory conditions. Therefore, the simple petri dish method
used in the laboratory experiments can be used as a reliable method to 
investigate further the ecology and physiology of A. gemmatalis larval 
color phase variation.
Ellis and Carlisle (1965) observed that locusts fed senescent 
vegetation changed color more slowly than those fed green vegetation. 
The color of A. argillacea larvae was most significantly affected by 
rearing them on cotton leaves from young non-reproductive plants 
(Johnson et al. 1983). No significant effect on the color score of A. 
gemmatalis larvae was observed with the soybean plant ages tested.
This could be due to the testing of plants only in the reproductive 
state. These plant ages were selected because peak numbers of A. 
gemmatalis larvae, representing the third generation, occur during 
August and September in Louisiana (Ellisor 1942, unpublished data).
The soybean pod-fill stage also occurs at this time and defoliation 
during this stage has a significant effect on yield loss (Thomas et al. 
1974).
The degree of dark pigmentation was also affected by sex, with 
males being darker than females. The sexual dimorphism observed in 
one-day-old adult weights was also observed in a developmental 
synchronization study performed by rearing the larvae on artificial 
diet (Fescemyer et al. 1986). Sexual dimorphism in the color and 
weight of A. gemmatalis larvae has also been reported by Anazonwu and 
Johnson (1986).
Color change to the black larval phase did not appear until after 
A. gemmatalis had molted to the last instar. In other species, color 
change occurs one or two instars before the last instar (S. exempta 
Faure 1943a, 7_. gamma Long 1953, L. separata Iwao 1968, A. argillacea
Johnson et al. 1985). The degree of dark pigmentation in the last 
instar was affected by crowding in the early instars of A. gemmatalis 
as well as £. gamma (Long 1953), _L. separata (Iwao 1968), A. 
argillacea (Johnson et al. 1985) and j>. litura (Tojo et al. 1985).
Only in A. gemmatalis and A. argillacea (Johnson et al. 1985) was the 
critical period in the first two or three instars. Unlike £. gamma,
L. separata, A. argillacea and Ŝ. litura the highest degree of dark 
pigmentation occurred only when A. gemmatalis larvae were crowded 
throughout larval development. The increase in the degree of dark 
larval pigmentation in A. gemmatalis and other species appears to be 
an ontogenetic response to an environmental factor heralding adversity 
(Johnson 1969).
Although plant age had no affect on larval color, it did affect A. 
gemmatalis larval development and subsequent adult weight. As plant 
age increased, the time and number of instars required to complete 
larval development Increased while the one-day-old adult weight 
decreased. The duration of the larval stage, number of instars and 
pupal weight were reported to vary when A. gemmatalis larvae were fed 
different potential overwintering hosts (Conti and Waddill 1982, 
Anazonwu and Johnson 1986) or different soybean ages (Moscardi et al.
1981). When other lepidopteran pests of soybean, Heliothes zea 
(Boddie) (McWilliams and Beland 1977) and Pseudoplsia includens 
(Walker) (Smith and Gillman 1981), were fed leaves from different 
plant ages, the larvae developed slower and weighed less as the plant 
age increased. The food quality of many plants, including soybean 
(Tester 1977), exhibits a rapid deterioration as the leaves age. 
Experiments are currently being conducted by the authors to relate the
observed developmental effects with plant nutritional quality.
The effect of plant age on larval development was not independent 
of density. Increasing the density did not have an affect on larval 
duration until larvae were reared on physiologically mature plants. A 
similar observation was also made by Long (1953) who showed that the 
effect of crowding on the induction of a faster rate of larval 
development in £. gamma was not independent of the food-plant species. 
Larval duration increased with density when A. gemmatalis was reared 
on physiologically mature plants. These results compare well with j>. 
littoralis (Rivnay and Meisner 1966) and A. argillacea (Johnson et al. 
1983) which also have increased larval development time under crowded 
conditions. However, the larval development time of £. gamma (Long 
1953), j>. litura (Zaher and Moussa 1961) and L. separata (Iwao 1968) 
decreased under crowded conditions. Density did not have an affect on 
larval duration when A. gemmatalis was reared on nonsenescent ages of 
reproductive soybean. These results suggest that one of the essential 
factors affecting development in crowded populations of A. gemmatalis 
is the nutritional quality of food (Peters and Barbosa 1977). Feeding 
and development of the larval stage may also influence subsequent 
performance by the adult through effects on adult size, nutrient 
reserves and timing of oviposition (Slansky 1982).
The decrease in the weight of adult A. gemmatalis was
significantly related to an increase in larval population density and 
subsequent degree of dark pigmentation. Similar results have been 
reported for all other Lepidoptera in which adult size was investigated 
in relation to density and larval color (P. gamma and Pieris brassicae
L. Long and Zaher 1958, j3. litura Zaher and Moussa 1961, Tojo et al.
1985). The nature of the group effect may be a function of the life 
history strategy of the species (Iwao 1968). A. gemmatalis adults lay 
their eggs singly and the larvae are not gregarious. The observed 
decrease in A. gemmatalis adult weight may be the expected result when 
grouping is induced (Iwao 1968, Peters and Barbosa 1977).
Insects have evolved many adaptations to enable them to survive in 
spite of hostile environmental conditions. One of these adaptations 
is the ability to migrate away from areas of adverse environmental 
conditions, such as overcrowding and depletion of food amount and 
quality. Increasing population density has a profound effect on the 
larval color and development of A. gemmatalis. In other migratory 
insects, larval density has been correlated with physiological and 
behavioral characteristics of the adult, such as low juvenile hormone 
levels, increased lipid levels, increased flight propensity and changes 
in the onset of reproduction (Matthde 1945, Long 1953, Iwao 1968, Pener 
1983). These biological properties of migration have been associated 
with density dependent dark pigmentation in some armyworms and locusts 
(Uvarov 1921, Faure 1943a,b, Iwao 1968). Food amount and quality has 
also been shown to affect larval development and subsequent adult 
physiology and migratory behavior (Johnson 1969, Dingle 1972, Slansky
1982). However, larval density dependent dark pigmentation has not 
always been associated with adult migration (Plutella xylostella (L.) 
and Spodoptera frugiperda (J.E.Smith) Johnson 1969, E. pavonia 
Hintze-Podufal 1978). Behavioral, biochemical and physiological 
studies are currently being conducted to develop an understanding of 
the association between A. gemmatalis larval color phase variation and 
adult migration.
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CHAPTER II
EFFECT OF LARVAL DENSITY AND PLANT AGE ON ADULT SIZE AND 
BIOCHEMICAL COMPOSITION OF THE MIGRANT MOTH, 
Anticarsia gemmatalis Htibner (LEPIDOPTERA: NOCTUIDAE)




The size (wet and dry weight) and biochemical composition 
(carbohydrate, lipid and protein) of one-day-old velvetbean 
caterpillar, Anticarsia gemmatalis HObner, adults were investigated in 
relation to larval pigmentation, larval density and plant age. Adult 
wet, dry and protein weights decreased with increases in larval 
pigmentation, larval density and plant age. Larval pigmentation and 
density did not affect the relative content (dry weight %) of 
carbohydrate, lipid or protein in adults. Plant age did not affect 
the relative content (dry weight %) of carbohydrate and lipid in 
adults but a significant decline in the proportion of the dry weight 
composed of protein was observed when larvae were fed physiologically 
mature soybean leaves. The observed linear relationships between the 
dry and wet weights and the protein or lipid weights and dry weight 
reflect the size-dependent nature of nutrient accumulation by the 
larvae.
INTRODUCTION
Insects have evolved many adaptations that enable them to survive 
in spite of hostile environmental conditions. One of these 
adaptations is the ability to migrate away from areas of adverse 
environmental conditions, such as overcrowding. In locusts (Uvarov 
1921, Pener 1983) and other migratory Lepidoptera (Faure 1943, Johnson 
1969, Iwao 1968) larval color, rate of growth and size are the 
prominent density-dependent phase characters. Anticarsia gemmatalis
HUbner (Lepidoptera: Noctuidae) is a migratory pest of soybean in 
Louisiana and other Gulf Coast areas of the United States (Herzog and 
Todd 1980, Buschman et al. 1981). Increasing the population density 
of A. gemmatalis larvae increases the degree of dark pigmentation and 
larval duration and decreases adult wet weight indicating, that 
density-dependent phase variation occurs in this species (Fescemyer 
and Hammond 1986).
Food quality also can affect larval growth and development and 
subsequent adult physiology and migratory behavior (Johnson 1969, 
Slansky 1982, Slansky and Scriber 1985). In some migratory insects 
food with low nutritional quality delays reproduction and stimulates 
flight (Slansky 1982, Rankin and Singer 1984). One of the essential 
factors influencing development and possibly migratory capacity in 
crowded populations of A. gemmatalis appears to be food nutritional 
quality. Not only were the effects of plant age on A. gemmatalis 
larval development and adult size similar to the effects of density, 
but the effect of density on larval duration was not independent of 
plant age (Fescemyer and Hammond 1986). As the age of soybean fed to 
A. gemmatalis larvae increased, the time and number of instars 
required to complete larval development increased while the adult wet
weight decreased (Fescemyer and Hammond 1986). The formation of
migrant morphs has also been associated with the effects of both high
density and/or food quality (Rankin and Singer 1984).
Feeding and development of the larval stage can influence 
subsequent adult performance through affects on adult size and 
biochemical reserves (Harrison 1980, Slansky 1982, Angelo and Slansky 
1984, Slansky and Scriber 1985). Host plant nutritional quality and
increasing population density have been associated with changes in the 
biochemical composition of some migratory insects (Matthde 1945, Long 
1953, Iwao 1968, Slansky 1982). Since we are interested in the effect 
of larval ecology on adult performance, an investigation was conducted 
to determine the effect of larval population density and soybean plant 
age on the size (wet and dry weights), water content and carbohydrate, 
lipid and protein composition of adult A. gemmatalis.
MATERIALS AND METHODS
A. gemmatalis larvae used in all experiments were obtained from 
a colony in which the insects were reared individually for 15
generations on a soybean wheat germ diet (King and Hartley 1985).
Classification of the color of last instar larvae into three 
categories or phases of color, green, intermediate and black, was 
performed as described by Fescemyer and Hammond (1986) and Anazonwu 
and Johnson (1986). All larvae were green, irrespective of treatment, 
until after ecdysis to the last instar. Differences in adult color 
were not observed in relation to larval color.
Field studies were conducted in 1984 (August 23 to September 20)
t
at the St. Gabriel Research Station, Louisiana Agricultural Experiment
Station, St. Gabriel, LA. Second instar larvae were placed on
individual 'Davis' soybean plants at a density of 70 larvae per plant.
Plant age during the study was R2 to R4 (Fehr et al. 1971). Last
instar larvae entering the wandering phase were collected daily, 
segregated according to color (green or black) and allowed to complete
development in the laboratory (27 ± 1°C; 14L:10D).
Laboratory experiments were conducted in 1984 according to the 
method described in Fescemyer and Hammond (1986). First lnstar larvae 
were placed on excised 'Davis’ soybean leaves (top four trifcliolates) 
at 1, 3, 5, 7, and 9 larvae per 100x15 mm petri dish and reared at 27 
± 1°C, 80% relative humidity and a 14L:10D photoperiod. Three plant
age ranges (Fehr et al. 1971) were tested; R2-R4 (August 23 to
September 20), R4 to R6 (September 13 to September 28) and R6 to R7 
(September 27 to October 15). The 'Davis' soybean variety was 
physiologically mature by R6 and senescent by R7. Fresh leaves were
sterilized in one percent chlorox solution before feeding them to the
larvae. The larvae were never allowed to exhaust their food supply. 
Last instar larvae entering the wandering phase were collected daily 
and segregated according to color, density and plant age before they 
were allowed to complete development.
Biochemical and weight determinations were performed on 
one-day-old adults obtained from laboratory- or field-reared larvae. 
Adult ecdysis was observed daily at lights on (0800 hr). Peak 
emergence occurs between 12 and 14 hrs after lights on (unpublished 
data), thus a one-day-old adult is approximately 12 hrs old. Fresh 
wet weights were determined using cold-anesthetized individuals. Dry 
weight was determined after lyophilization for 24 hrs. Dried moths 
were stored at -20°C until chemical analyses were performed. Protein 
content could not be determined on the same individual used to 
determine carbohydrate and lipid content; therfore, moths in a 
treatment group were randomly chosen for protein or carbohydrate and 
lipid analyses.
Whole body carbohydrate and lipid were extracted from individual
moths using a modified Folch et al. (1957) procedure. Moths were
©homogenized (Tissumizer ) for 2 min in 10 ml of chloroform:methanol 
(2:1) and 2.5 ml of deionized water. This extraction procedure was
(5)repeated three times. The extract was filtered through Whatman #1 
filter paper and the phases were allowed to separate overnight at 
-20°C. The volume of the chloroform phase was reduced by flash 
evaporation under reduced pressure and transferred to a preweighed 
vial. Lipid weight was determined after vacuum drying the lipid 
residue for 3 hrs. The volume of the aqueous phase was measured and 
transferred to a vial for storage at -20°C until carbohydrate analysis 
was performed. Carbohydrate in the aqueous phase was determined 
spectrophotometrically using anthrone reagent with glucose as the 
standard. Known quantities of glucose and palmitic acid were used as 
external standards to determine the precision of the extraction 
method.
Whole body protein was extracted from individual moths by heating 
them in 2 ml of 5% potassium hydroxide for 2 hrs at 90°C. Biuret 
reagent was used to determine the absolute protein content of the 
extract with bovine serum albumin (BSA) as the standard. Known 
quantities of BSA were used as external standards to determine the 
precision of the extraction method.
The interaction of plant age, density, sex and larval color on 
wet and dry weights, water content (proportion of the wet weight) and 
carbohydrate, lipid and protein contents (absolute weights and 
proportions of the dry weight) of one-day-old adults was tested with a 
factorial design. Means were separated by Duncan’s multiple range 
test. Relationships between the wet and dry weights and the
carbohydrate, lipid and protein contents were tested using regression




The wet weight and water content (proportion of the wet weight) 
of one-day-old adult males from larvae reared in the field were 
greater than (P<0.0001) those of females (Table 1). Within a sex, no 
differences (PS0.38) were observed in the wet weight and water content 
of adults from black and green larvae (Table 1) indicating that the 
effect of sex on adult wet weight and water content is independent of 
larval color. Despite the observed sexual dimorphism in wet weight 
and water content, no differences (PS0.40) in dry weight were observed 
between the sexes and colors (Table 1). Sex, larval color and their 
interaction did not affect the carbohydrate (PS0.46), lipid (P£0.12) 
or protein (P£0.18) content of one-day-old adults (respective means ± 
95% confidence interval of the absolute weight, 0.22 ± 0.03 mg, 5.1 ± 
0.4 mg and 16.2 ± 1.4 mg, proportion of the dry weight, 0.64 ± 0.07%, 
13.9 ± 1.5% and 52.5 ± 3.0%, and numbers of observations, 147, 147 and 
74).
Laboratory Experiments
Larval color and density affected the wet weight (P<0.0001), dry 
weight (P<0.005) and absolute protein content (P<0.022) of one-day-old 
adults (Table 2) but the interactions were not significant (P>0.21).
Table 1. The effect of sex and larval color on the wet and dry 
weights and water content of one-day-old A. gemmatalis 
adults from larvae reared on 'Davis' soybean in the 
field.
Sex Color Wet Weight Dry Weight cWater Content
(mg) (mg) (%)
Female Black 81.718.4a (50) 31.7±3.1a (50) 61.0±1.3a (50)
Female Green 82.5±3.3a (90) 31.3+1.2a (90) 61.8±0.9a (90)
Male Black 96.5±8.5b (49) 34.4±3.2a (49) 64.3±1.6b (49)
Male Green 97.9±4.2b (93) 32.7±1.4a (93) 66.310.9b (93)
Values are means ± 95% confidence interval and means within a
column followed by the same letter are not significantly
different (a=0.05; Duncan's multiple range test).
^Values in parentheses are the number of observations, 
cProportion of the wet weight•
Table 2. The effect of larval color, plant age, density and sex on the wet and 
dry weights and the water and protein contents of one-day-old A. 
flPTHTnat-nHn adults from larvae reared on 'Davis' soybean in the 
laboratory.
Factor Level n Wet Height Dry Height Protein Content
(mg) (mg) Absolute (me)C Heieht Zd
Color Green 94 79.912.9a 28.511.1a 16.911.5a 59.312.9a
Intermediate 25 68.8l6.7ab 29.412.3a 18.414.2b 62.514.6a
Black 222 64.112.0b 22.010.6b 12.611.2c 58.214.la
Plant Age R2 to R4 71 74.413.2a 25.511.la 17.411.2a 68.211.4a
R4 to R6 149 69.612.6a 24.510.9a 16.311.3a 68.Oil.5a
R6 to R7 101 63.512.4b 22.710.5b 12.911.5b 55.714.8b
Density 1 67 84.612.9a 30.Oil.2a 18.211.4a 60.713.8a
3 30 73.213.5b 26.511.3b 15.510.8b 59.218.3a
5 41 66.213.7c 23.511.lc 14.611.5b 62.115.8a
7 66 65.514.2c 22.211.3c 12.411.2c 55.914.6a
9 77 57.213.2d 19.711.Id 11.211.7c 57.416.4a
Sex Females 165 64.312.4a 23.310.9a 13.511.3a 59.413.7a
Males 156 73.512.5b 24.610.9a 14.811.5a 60.4i2.0a
aValues are means 1 952 confidence Interval and means within each factor and
column followed by the same letter are not significantly different (a-0.05;
Duncan's multiple range test).
^There were no significant (a-0.05) interactions, therefore mean weights of the
treatment interactions are not listed.
cUhole body lipid weight, 
dProportion of the dry weight composed of protein.
The general trend appeared to be a decrease in adult size (wet and dry 
weight) and protein weight with increases in larval pigmentation and 
density (Table 2). Increasing the larval rearing density had the 
greatest effect on adult wet, dry, and protein weights resulting in a 
difference of at least 30% between one and nine larvae per petri dish. 
The wet, dry and protein weights of adults from black larvae were 
approximately 23% lower than adults from green larvae. Despite the 
observed differences in wet, dry and protein weights due to the effect 
of larval color and density, no differences were observed in water 
content (P>0.2) or the proportion of the dry weight composed of 
protein (P>0.35) (respective means ± 95% confidence interval, 64.7 ± 
1.3% and 63.0 ± 2.8%, and numbers observed, 281 and 120).
Plant age (Table 2) affected wet weight (P<0.0001), dry weight 
(P<0.0001) and protein content (absolute weight, P£0.0014, and the 
proportion of the dry weight, PS0.001). Rearing larvae on the 
physiologically mature plant age R6 to R7 resulted in a decrease in 
adult wet, dry, and protein weights of approximately 17% below the 
youngest age tested (R2 to R4). The proportion of the dry weight 
composed of protein for adults from larvae fed physiologically mature 
plant leaves (R6 to R7) was approximately 13% less than the younger 
plant ages tested (Table 2).
The wet weight (Table 2) and water content (females=63.6 ± 0.6% 
and males=66.4 ± 0.7%; mean ± 95% confidence interval) of one-day-old 
adult males was greater (P<0.0001) than females. No differences in 
dry weight (P£0.28) or protein content (P£0.58; absolute weight and 
dry weight %) were observed between the sexes (Table 2). Sex did not 
interact with any other factor, indicating that its effect on wet
weight and water content or lack of an effect on dry weight and 
protein content was independent of larval color, plant age and 
density. Similar results for the effect of sex were observed in the 
field experiments (see field results).
The main effects (P50.13), larval color, plant age, density and 
sex, and their interactions (P20.18) did not affect adult lipid 
content or carbohydrate content (respective means ± 95% confidence 
interval of the absolute weight, 2.7 ± 0.2 mg and 0.13 ± 0.02 mg, and 
proportion of the dry weight, 11.1 ± 0.8% and 0.55 ± 0.10; n=201).
Relationship Between Biochemical Contents and Adult Weight
A linear relationship exists between the dry and wet weights of
one-day-old adults from larvae reared on soybean in the laboratory
2(Table 3). The lower coefficient of simple determination (r ) of this 
relationship for the field experiments (Table 3) indicates a greater 
variation in the wet and dry weights of adults from larvae reared in 
the field. Despite the linear relationship between the dry and wet
weights, only protein weight had a linear relationship with wet weight
2 2 (Table 3; carbohydrate r 20.27 and the slope F test P£0.069). The r
for the field and laboratory protein and wet weight relationships was
low (Table 3) indicating that much of the variation in adult protein
weight was not being explained by the wet weight.
Significant linear relationships exist between the lipid and dry
weights and the protein and dry weights of one-day-old adults from
larvae reared under field or laboratory conditions (Table 3). These
linear relationships indicate that larger, heavier adult moths had
2more lipid and protein than smaller, lighter moths. The r for the
Table 3. Linear relationships between the biochemical weights and the
dry or wet weights of one-day-old adults from larvae reared
£ibunder field and laboratory conditions on 'Davis' soybean.
Condition Y X m b 2r PC
Field Dry Weight Wet Weight 12.11 0.22 0.54 £0.0001
Laboratory Dry Weight Wet Weight 4.11 0.28 0.71 £0.0001
Field Protein Wet Weight -1.69 0.23 0.45 £0.0001
Laboratory Protein Wet Weight -0.83 0.23 0.54 £0.0001
Field Protein Dry Weight 0.93 0.50 0.87 £0.0001
Laboratory Protein Dry Weight 0.38 0.58 0.78 £0.0001
Field Lipid Wet Weight 0.00 0.05 0.27 £0.033
Laboratory Lipid Wet Weight -0.14 0.04 0.23 £0.022
Field Lipid Dry Weight -4.33 0.27 0.71 £0.0001
Laboratory Lipid Dry Weight -0.67 0.14 0.71 £0.0001
Regression equation: Y = mX + b.
^All units of measure are in mg.
Probability (P) values are for the slope F test for the regression 
model.
protein and lipid relationships with dry weight were much higher than
the protein and lipid relationships with wet weight (Table 3). Thus,
among the biological parameters measured for one-day-old A. gemmatalis
adults from larvae reared under field and laboratory conditions on
soybean, dry weight is the best predictor of absolute protein and
lipid contents. Carbohydrate weight was not linearly related 
2(r £0.27 and the slope F test PS0.066) with the dry weight of adults 
from field or laboratory reared larvae.
DISCUSSION
One-day-old adult A. genimatalis males had a higher wet weight and 
water content than females under field and laboratory conditions. 
Sexual dimorphism in wet weight of A. gemmatalis adults was previously 
reported in a study of larval density and plant age affects on A. 
gemmatalis development (Fescemyer and Hammond 1986). Since 
differences in dry weight were not observed between males and females 
in this study, the observed sexual dimorphism in wet weight is due to 
differences in the water content of males and females. Males and 
females did not differ in the absolute or relative contents of 
protein, lipid and carbohydrate. The similarity in the biochemical 
contents of males and females suggests that sexual dimorphism did not 
occur in procurement of nutrients by the larvae minus what was used 
during metamorphosis. The lack of sexual dimorphism in biochemical 
content could indicate that adult food consumption by the female is 
important to egg production (Slansky and Scriber 1985). Egg 
production by A. gemmatalis adult females was approximately 4-fold
greater in weedy soybean than in weed-free conditions because the 
nectar availability was greater in weedy soybean (Collins and Johnson 
1985). The similarity in flight energy reserves (carbohydrate and 
lipid) between male and female adults could also indicate a lack of 
sexual dimorphism in migratory capacity (flight duration).
The decrease in one-day-old adult size in terms of the wet and 
dry weights was related to an increase in larval density and dark 
pigmentation in the laboratory experiments. Similar results have been 
reported for A. gemmatalis (Fescemyer and Hammond 1986) and all other 
Lepidoptera in which adult size was investigated in relation to 
density and larval color (Faure 1943, Long 1953, Matthde 1945, Iwao 
1968, Johnson 1969). The lack of differences in the relative contents 
of water, protein, lipid and carbohydrate due to larval density and 
color suggests that observed differences in adult size is due to 
absolute changes in these biochemicals. The linear relationships 
between the dry and wet weights reflect adult size variation in water 
content while the linear relationships between protein or lipid 
weights and dry weight reflect the size-dependent nature of nutrient 
accumulation by the larvae. The low amount of carbohydrate compared 
to the variation between individuals eliminated any relationship it 
could have with adult size.
The results from the laboratory experiments suggest that larval 
color could be an indicator of adult size (wet and dry weights) or 
absolute biochemical content and vise versa. Although adult size 
(especially dry weight) was linearly related to lipid and protein 
weights it did not vary with larval color in the field experiments.
In fact, size and nutrient content of field adults were similar to
laboratory adults from larvae reared at one larvae per petri dish. 
Relative contents of water, protein, lipid and carbohydrate in field 
adults also did not vary with larval color, providing further evidence 
that nutrient accumulation by A. gemmatalis larvae under field and 
laboratory conditions is size dependent.
The low degree of dark pigmentation (23-27% of the larvae were 
black at 70 larvae per plant compared to 60% at only 3 larvae per 
petri dish, Fescemyer and Hammond 1986) and the lack of adult size 
differences between green and black larvae in the field indicates that 
the effect of crowding under the field conditions tested was not as 
great as it was under the laboratory conditions. Only 38% of the 70 
larvae initially placed on the plant were recovered, suggesting that 
the intensity of crowding was not constant throughout the field 
experiment. The maximum effect of density on larval pigmentation 
(Fescemyer and Hammond 1986) and size (unpublished data) occurs only 
when larvae are crowded throughout development. In the laboratory 
experiments the larval density being tested was not allowed to vary, 
ensuring that the influence of crowding was constant throughout 
development. The greater surface area of a soybean plant and the open 
system of the field conditions also would decrease the intensity of 
crowding compared to the closed and greatly confined laboratory 
conditions. Thus, the chemical, visual and/or tactile mechanisms by 
which density exerts its influence (Peters and Barbosa 1977) would 
have much less influence under the field conditions tested.
Preliminary investigations in this laboratory indicate that 
species-specific methods of non-volatile chemical and tactile cues are 
being used by A. gemmatalis larvae to determine the density level.
Although adult wet, dry and protein weights decreased with 
increasing plant age, significant declines in these weights as well as 
the proportion of the dry weight composed of protein did not occur 
until larvae were fed physiologically mature leaves. Total nitrogen 
in soybean leaves decreases rapidly during the reproductive plant 
stages (Tester 1977) indicating that nitrogen containing compounds, 
such as protein, decline as plant age increases. Feeding performance 
(rates and efficiency) of foliage-chewing larvae declines with leaf 
nitrogen content and increasing plant age (Slansky and Scriber 1985). 
The decline in feeding performance results in a prolongation of the 
larval stage and reduced pupal and adult size (Slansky 1982, Slansky 
and Scriber 1985). This was observed to occur when A. gemmatalis 
larvae were fed physiologically mature soybean leaves (Fescemyer and 
Hammond 1986). Feeding and development of the larval stage of A. 
gemmatalis appears to be influencing performance of the adult through 
effects on adult size and protein reserves. Only A. gemmatalis adults 
from larvae fed senescent soybean leaves had a drastic (53%) reduction 
in the number of eggs laid per female (Moscardi et al. 1981) 
suggesting that the reduced larval performance in response to the 
decline in food quality that occurs as plants age is also affecting 
adult reproductive performance.
Flight, a major component of migratory behavior, is energetically 
costly to maintain and operate (Beenakkers et al. 1985). Higher 
relative lipid content has been associated with presumed migratory 
individuals in many Lepidoptera (Matthde 1945, Long 1953, Iwao 1968, 
Angelo and Slansky 1984). Although lipid comprised approximately 95% 
of the flight fuel (carbohydrate and lipid) in A. gemmatalis, its
relative content was not influenced by larval density or food quality. 
Thus, migratory capacity in terms of the total energy available for 
flight must be reduced in smaller adults which result from larval 
crowding and poor food quality. However, smaller A. gemmatalis moths 
were reported to have a lower wing loading ratio than expected (Angelo 
and Slansky 1984). This suggests that the energetic cost of flight by 
smaller moths is reduced because they carry less weight per unit wing 
area than larger moths. Flights of up to 4 hrs resulted in no 
significant decline in lipid reserves of A. gemmatalis adults 
(Teo et al. 1986), providing further evidence that the low energetic 
cost of flight in these smaller moths is making up for the lower total 
energy available for flight.
Adults of many insects initiate migratory behavior based on their 
evaluation of the environment (Johnson 1969, Rankin and Singer 1984, 
Slansky 1982, Angelo and Slansky 1984). Egg production in A. 
gemmatalis begins approximately 12 hrs after emergence with completely 
formed eggs present 24 hrs after emergence (unpublished data). There 
is little time available for evaluation of the environment by the 
adult before oviposition, indicating that the larval response to 
environmental cues has an important role in influencing migratory 
ability and behavior in adult A. gemmatalis. In summary, the size and 
biochemical content of A. gemmatalis adults depend on larval 
population density and food quality, which have profound effects on 
the ability of the larvae to accumulate nutrient reserves and thus 
increase in size. Population density and poor food quality appear to 
be serving as cues for A. gemmatalis larvae to change resource 
allocation in order to achieve the adult size and weight for migration.
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CHAPTER III
CARBOHYDRATE AND FATTY ACID TITRES DURING FLIGHT OF THE MIGRANT 
NOCTUID MOTH, Anticarsia gemmatalis Htibner




Haemolymph concentrations of total carbohydrate and fatty acids 
were determined in velvetbean caterpillar (Anticarsia gemmatalis 
Htibner, Lepidoptera: Noctuidae) adult females throughout a four hour 
period of tethered flight. Total carbohydrate concentration decreased 
during the first 30-45 min of flight. Total fatty acid concentration 
increased during the first 30-60 min of flight and then declined to 
and stabilized at preflight levels. Changes in haemolymph 
concentrations of fatty acids and total carbohydrate during flight 
were similar for five- and eight-day-old adult females. Wet weight 
decrease during flight was probably due to excretion of gut contents 
because no change in dry weight and haemolymph volume occurred. Whole 
body carbohydrate content (0.55 to 0.60 mg before flight) was 
approximately 96% lower than whole body lipid (12.83 to 13.28 mg 
before flight) which formed the major flight fuel reserve. No change 
in whole body lipid content was observed after four hours of flight 
but carbohydrate content was reduced 77.4%. Changes in the haemolymph 
concentrations of palmitic, oleic and linoleic acids correspond to the 
changes in total fatty acid concentration of the haemolymph, 
indicating that these are the major components of the lipid mobilized 
and utilized during flight of A. gemmatalis.
INTRODUCTION
The velvetbean caterpillar, Anticarsia gemmatalis Htibner 
(Lepidoptera: Noctuidae) is a migratory insect which causes economic
losses in soybean crops over a large geographic area, including the 
United States, Central America and South America (HERZOG and TODD, 
1980). The ability to model migratory behavior in order to make 
accurate predictions about the spread of A. gemmatalis infestations 
will require information on the utilization of carbohydrate and lipid 
reserves during flight. Migratory capacity (flight duration) of 
locusts was limited by the amount of flight energy available in the 
form of lipid reserves (WEIS-FOGH, 1952). Lack of metabolic data on 
insect flight has been shown to be a source of error in determining 
the upper limit of flight speed and the potential duration of 
continuous flight (TAYLOR, 1979).
Carbohydrate and lipid have been shown to be the predominant 
flight fuels in many migratory insects (VAN DER HORST et al., 1980; 
BEENAKKERS, 1969; VAN HANDEL and NAYAR, 1972a, b; BROWN and 
CHIPPENDALE, 1974). However, the importance of carbohydrate and lipid 
in providing energy for flight can vary with the species and length of 
flight time (VAN DER HORST et al., 1980; VAN HANDEL, 1974). 
Carbohydrate and lipid utilization during flight has been extensively 
documented in migratory locusts (JUTSUM and GOLDSWORTHY, 1976; VAN DER 
HORST et al., 1978a, 1978b, 1980). During locust flight, a decrease 
in carbohydrate utilization and haemolymph concentration occurs with a 
concurrent increase in lipid utilization and haemolymph concentration 
(VAN DER HORST et al., 1978a, 1978b, 1980). Similar changes in the 
haemolymph concentration of carbohydrate and lipid with flight time 
were observed in the monarch butterfly, Danaus plexippus (L.)
(DALLMANN and HERMAN, 1978). During six hours of continuous flight, 
the fall armyworm, Spodoptera frugiperda (J. E. Smith), derived 23% of
the total caloric expenditure from carbohydrate and the remainder 
(77%) from lipid (VAN HANDEL and NAYAR, 1972b). Changes in the 
importance of carbohydrate and lipid in providing energy for flight in 
migratory Lepidoptera may parallel the migratory locusts.
This investigation was conducted to determine the effect of 
flight on the haemolymph titres and whole body contents of 
carbohydrate and lipid. Correlation of the changes in haemolymph 
carbohydrate and lipid levels with changes in whole body reserves 
could indicate the importance of the two flight fuels in providing 
energy for flight. The relative roles of carbohydrate and lipid as 
flight fuels in Lepidoptera have been largely ignored except for 
studies by VAN HANDEL and NAYAR (1972a, 1972b), VAN HANDEL (1974) and 
BROWN and CHIPPENDALE (1974). Before flight can be used in modeling 
migration, studies must be conducted to assess the migratory capacity 
in terms of the total energy available for flight and flight speed 
which depend on the amount of carbohydrate and lipid reserves and 
their rate of utilization.
MATERIALS AND METHODS
Insect Rearing and Flying
Anticarsia gemmatalis larvae were reared on a soybean flour wheat 
germ diet (KING and HARTLEY, 1985). Female pupae were placed into 
separate containers (240 ml Sweetheart cups). Synchronously 
developing adults were obtained by examining the containers several 
times each day for moth eclosion. Groups of synchronous adults were 
transferred to plexiglass cages and fed water and a sugar-beer
solution (7% sucrose and 75 ml of beer per liter of water) until they 
were flown. Larvae and adults were reared at 27±1°C, on a 14L:10D 
photoperiod and at 80% relative humidity.
Female moths were immobilized by refrigeration at 5°C. An 
L-shaped harness made from aluminum foil was attached to the dorsum of 
the prothorax with contact cement. A thread was used to suspend the 
harnessed moth for free-flight. Five- and eight-day-old unmated 
female moths were flown for 10, 20, 30, 45, 60, 120 and 240 min in a
lighted room at 21°C . Moths which stopped flying during the
prescribed time were stimulated to resume flight by touching the 
tarsi. Moths which failed to resume flight were not included in the 
analysis. Control moths (0 min) were tethered but not flown.
Haemolymph Assays
Haemolymph was collected within the first five minutes after 
terminating flight by puncturing the ventrum of the thorax and 
applying lateral pressure to the thorax. A measured volume of
haemolymph collected in a 5 pi micropipette was transferred to a 2 ml
vial containing 100 pi of distilled water and stored at -20°C until 
carbohydrate and lipid analyses were performed. Haemolymph 
carbohydrate and lipid were partitioned using the F0LCH et al. (1957) 
procedure. The chloroform phase was removed for lipid quantification 
by determining the total fatty acid content. Transesterification and 
formation of fatty acid methyl esters were performed using 14%
BF^:methanol (MORRISON and SMITH, 1964). Qualitative and quantitative 
determination of the fatty acid methyl esters were performed with a 
Hewlett Packard 5840A gas chromatograph equipped with a 20 m, SP2330
glass capillary column.
Protein In the aqueous phase was precipitated with 5% 
trichloroacetic acid and removed by centrifugation. Total 
carbohydrate in the aqueous phase was determined 
spectrophotometrically using anthrone reagent with glucose as the 
standard.
Total haemolymph volume was determined by isotope dilution using 
14carboxyl- C inulin (specific activity of 2 pCi/mg). A micropipet
drawn to a fine tip was used to inject 1 pi of radiolabelled inulin (5
14pCi/ml of 1.15% NaCl) into the sternum of the abdomen. The C-inulin
was allowed to mix with the haemolymph for one hour before the moth
14was flown. The rate of change in the amount of C-inulin in 
haemolymph from controls indicated complete mixing within 1 hr and no 
excretion over the next 2 hrs.
Whole Body Carbohydrate and Lipid Assays
After haemolymph collection, moths were stored at -20°C. Whole 
body dry weight was determined after lyophilization for 24 hrs. 
Carbohydrate and lipid were extracted from individual moths using a 
modified FOLCH et al. (1957) procedure. Moths were homogenized 
(Tissumizer ) for 2 min in 10 ml of chloroform:methanol (2:1) and
2.5ml of deionized water. This extraction procedure was repeated
<E>three times. The extract was filtered through Whatman #1 filter 
paper and the phases were allowed to separate overnight at -20°C.
The volume of the chloroform phase was reduced by flash 
evaporation under reduced pressure and transferred to a preweighed 
vial. Lipid weight was determined after vacuum drying the lipid
residue for 3 hrs. The volume of the aqueous phase was measured and 
transferred to a vial for storage at -20°C. Carbohydrates in the 
upper phase were estimated as described above for haemolymph 
carbohydrate anslysis. Known quantities of glucose and palmitic acid 
were used as external standards to determine the precision of the 
extraction method.
Statistical comparisons between adult ages and flight times were 
investigated with a factorial design analyzed by the general linear 
models procedure of SAS . Means were separated by Duncan s multiple 
range test or Student's T-test.
RESULTS
Changes in Haemolymph, Carbohydrate and Lipid With Flight
After 10 min of flight, the total carbohydrate concentration in 
the haemolymph of five-day-old female moths increased 30.6% (5.6 
yg/ul, Fig. 1) above unflown moths. When five-day-old moths were 
flown longer than 10 min, total carbohydrate concentration decreased 
(PS0.01) 54.0% (9.9 ug/pl, Fig. 1) below unflown moths. No change 
(PS0.24) in total carbohydrate concentration occurred after 120 min of 
flight (Fig. 1). The total carbohydrate concentration in the 
haemolymph of unflown eight-day-old adults was 68.8% (12.6 pg/pl) 
higher than unflown five-day-old adults. Flight decreased (PS0.01) 
the total carbohydrate concentration to a level 88.6% (27.4 ug/pl,
Fig. 1) below unflown moths. No change (P£0.37) in total carbohydrate 
concentration occurred after 60 min of flight (Fig. 1).
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Fig. 1. Titres of total carbohydrate concentration (1A) and total
fatty acid concentration (IB) in the haemolymph during flight
of five- (-----) and eight- (-----) day-old adult female A.
gemmatalis. Points are means ± standard error of 6 to 7 
observations.
generally decreased during the first 10-60 min of flight (Fig. 1), the 
total fatty acid concentration increased (Fig. 1). The total 
increased to a maximum level 65.0% (15.6 pg/pl) above unflown moths 
after 60 min of flight (Fig. 1). Total fatty acid concentration of 
eight-day-old moths increased to a maximum level 135.1% (16.9 pg/pl) 
above unflown moths after only 20 min of flight (Fig. 1). After 
increasing (PS0.02) to a maximum level, total fatty acid concentration 
of five and eight-day-old moths decreased (P£0.02) to a level which 
was not different (P^0.79) from unflown moths (Fig. 1). Total fatty 
acid concentration of eight-day-old moths did not change (P£0.82) 
between 60 min and 240 min of flight. Five-day-old moths flew for 240 
min before the total fatty acid concentration of the haemolymph 
returned to the unflown level.
Changes in Weight and Haemolymph Volume With Flight
Wet weight decreased (PS0.01) 11-16 mg after 120 min of flight 
(Table 1). No change (PS0.28) in wet weight occurred after 120 min of 
flight (Table 1). In contrast to wet weight, dry weight did not show 
a change (PS0.51) even after 240 min of flight (Table 2). Also in 
contrast to wet weight, the haemolymph volume did not change (weight 
%, PS0.17; absolute pi, P£0.39; Table 1) with flight time (Table 1).
No differences in wet weight (PS0.19; Table 1), dry weight (PS0.60; 
Table 2) or haemolymph volume (weight %, PS0.13; absolute pi, P£0.48; 
Table 1) were observed between five- and eight-day-old adults.
Whole Body Carbohydrate and Lipid With Flight
After 240 minutes of flight, whole body carbohydrate decreased
Table 1. Change in wee weight and haemolymph volume during flight of five- and 





N Decrease in Wet 
Weight*2 (mg)
Haemolymph Volume* 
Weight Z2 Absolute (pl)̂
0 5 6 O.OiO.Oa 22.51 4.5a 19.7+ 5.4a
0 8 6 0.010.0a 27.01 3.4a 21.21 7.6a
30
30 8 5 26.41 8.3a 19.01 7.1a
120 5 6 11.0*3.5b 25.01 5.6a 21.91 5.1a
120 8 7 16.017.8b 25.01 8.2a 19.91 5.9a
240 5 8 13.014.6b 24.11 3.1a 21.91 3.7a
240 8 7 13.313.4b 24.01 3.3a 19.41 4.6a
*Values are meanslstandard deviation and means followed by the same letter are not
significantly different (a-0.05; Duncan's multiple range test).
2Decrease in weight equals the wet weight before flight (89.2111.8) minus the wet 
weight after the designated flight time.
3Volume of haemolymph relative to whole body wet weight.
itTotal (absolute) volume of haemolymph in an individual moth in pi.
(PSO.OOOl) 77.4% below unflown moths (Table 2). In contrast to whole 
body carbohydrate, whole body lipid did not show a decrease (3.6% 
below unflown moths; P£0.85; Table 2) even after 240min of flight. No 
differences in whole body carbohydrate (PS0.76) or lipid (P20.68) were 
observed between five- and eight-day-old adults.
Changes in Haemolymph Fatty Acid Composition and Concentration With 
Flight
Among the eight different fatty acids observed in the haemolymph 
(Table 3), 94.1% of the total fatty acid content was composed of 
palmitic, oleic and linoleic acids (Table 3). No differences (PS0.34) 
in fatty acid composition (Table 3; Fig. 2) were observed between 
flight time or adult age. The total fatty acid concentration in the 
haemolymph was correlated with the changes in the haemolymph 
concentrations of palmitic, oleic and linoleic acids during flight of 
five- and eight-day-old moths (Fig. 2).
DISCUSSION
Changes in the haemolymph carbohydrate concentration during 
flight of Ij. migratoria have been shown to reflect changes in 
carbohydrate utilization (VAN DER HORST et al., 1978b, 1980). During 
the initial periods (0-60 min) of flight activity in A. gemmatails, a 
decrease in the haemolymph total carbohydrate concentration was 
observed. Similar changes in carbohydrate concentration was reported 
in other migrant insects, such as I), plexippus (DALLMANN and HERMAN, 
1978) and Locusta migratoria (JUTSAM and GOLDSWORTHY, 1976; VAN DER
Table 2. Change in whole body carbohydrate and lipid during flight 
of five- and eight-day-old adult female A. gemmatalis.
Flight Time Age n Dry Weight 12Dry Weight Percent
(min) (days) (mg) Carbohydrate Lipid
0 5 34 37.2± 9.4a 1.610.8a 34.518.4a
0 8 6 36.8±10.5a 1.510.8a 36.114.1a
240 5 7 41.2110.2a 0.310.3b 30.819.5a
240 8 16 33.91 6.8a 0.410.2b 32.718.6a
Values are means!standard deviations and means followed by the same 
letter are not significantly different (a=0.05; Duncan's 
multiple range test).
2Proportion of the dry weight composed of carbohydrate or lipid.
Table 3. Fatty acid composition of the haemolymph in A.
Fatty Acid Percent of the Total
12______________________________Fatty Acid Content
12:0 1.2 + 0.1
14:0 0.1 ± 0.1
16:0 28.4 + 1.1
16:1 2.7 + 0.8
18:0 1.7 ± 0.6
18:1 54.4 + 2.0
18:2 11.3 ± 1.6
18:3 1.2 + 0.5
^Values are meansfstandard deviation (n=128).
2No significant (PS0.34) differences were observed between 
flight times or adult age.
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Comparison of the titre of total fatty acid concentration
(-----) in the haemolymph with the titres of the three most
abundant fatty acid concentrations, 16:0 (---- ), 18:1
(-----   ) an<j 18:2 (-------- ), in the haemolymph during
flight of five- and eight-day-old adult female A. gemmatalis. 
Points are means ± standard error of 6 to 7 observations.
HORST et al., 1978a, 1978b, 1980). The initial decrease in the total 
carbohydrate concentration during flight of A. gemmatalis is probably 
due to a high rate of haemolymph carbohydrate consumption by the 
flight muscles. This idea is supported by the demonstration in L̂. 
migratoria (VAN DER HORST et al., 1978b) of an accelerated rate of 
carbohydrate utilization 15 times greater than resting levels during 
the first 30min of flight.
Total carbohydrate concentration in the haemolymph of A. 
gemmatalis reached a minimum level with no further change after 60-120 
minutes of flight depending on adult age. Minimum levels of 
carbohydrate concentration in the haemolymph also were reported to 
occur during flight of D. plexippus (DALLMANN and HERMAN, 1978) and L̂. 
migratoria (VAN DER HORST et al., 1980). A decrease of 51.1% in the 
whole body trehalose content during 6 hrs of flight was reported in 
another migrant noctuid moth, the fall armyworm (js. frugiperda; VAN 
HANDEL and NAYAR, 1972b). The sustained low total carbohydrate 
concentration in the haemolymph during continuous flight could be due 
to mobilization of carbohydrate from body stores at a rate which 
equals the rate of flight muscle utilization. This idea is supported 
by the depletion of 77.7% of the whole body carbohydrate content in A. 
gemmatalis after 240 min of flight and 63.3% of the whole body 
glycogen in Ŝ. frugiperda after 6 hrs of flight (VAN HANDEL and NAYAR, 
1972b). These results strongly support the idea that migratory moths, 
such as A. gemmatalis and frugiperda, utilize carbohydrate as a 
flight fuel.
Changes in the haemolymph concentration of lipid during flight 
are the net result of mobilization and utilization (VAN DER HORST et
al., 1980). The Initial increase in the total fatty acid 
concentration of the haemolymph during A. gemmatalis flight is similar 
to that reported for 1). plexippus (DALLMANN and HERMAN, 1978) and L. 
migratoria (BEENAKKERS, 1969; JUTSUM and GOLDSWORTHY, 1976; VAN DER 
HORST, 1978a, 1980) where adipokinetic hormone (AKH) is involved in 
the mobilization of diacylglycerol from triacylglycerol stores. Total 
haemolymph fatty acid concentration of A. gemmatalis did not remain at 
an elevated level but returned to the level of unflown moths. In 
another migrant noctuid moth, £. frugiperda, diacyglycerol levels 
after sustained flights of 5-6 hrs did not differ from the preflight 
level (VAN HANDEL and NAYAR, 1972a,b). This is in contrast to I). 
plexippus (DALLMAN and HERMAN, 1978) and L. migratoria (VAN DER HORST 
et al., 1978a) where the haemolymph lipid concentration remained 
elevated through 6 hrs of continuous flight. The inability of the 
haemolymph total fatty acid concentration to remain at elevated levels 
during sustained flight of A. gemmatalis indicates that the rate of 
lipid utilization temporarily increases above the rate of 
mobilization. This decrease in the fatty acid concentration of the 
haemolymph may indicate that a switchover from carbohydrate to lipid 
utilization is occurring.
Palmitic, oleic and linoleic acids comprise approximately 94% of 
the fatty acids in the haemolymph of A. gemmatalis. These results are 
similar to the neutral lipid fatty acid composition of migrating I). 
plexippus which consists mainly of palmitic (30%) and oleic acids 
(59%) (CENEDELLA, 1971). The changes in the haemolymph concentrations 
of palmitic, oleic and linoleic acids reflect the changes in total 
fatty acid concentration of the haemolymph, indicating that these are
the major components of the lipid mobilized and utilized during flight 
of A. gemmatalis.
A significant decrease in whole body lipid was not observed in A. 
gemmatalis even after 4 hrs of flight. Similar results were reported 
for J5. frugiperda which failed to show a depletion of triacyglycerols 
even after 6 hrs of flight (VAN HANDEL and NAYAR, 1972a,b). The 
inability to demonstrate a depletion of lipid stores in these 
migratory moths (A. gemmatalis and j>. frugiperda) during the tested 
flight durations is probably due,to the large amount of lipid 
reserves, the high rate of carbohydrate utilization during the initial 
periods of flight and the variability between individuals. VAN HANDEL 
(1974) observed a 40-58% decrease in the whole body lipid of 
furgiperda after 16-30 hrs of flight and a 34-85% decrease in the 
whole body lipid of another migrant noctuid, Heliothis zea (Boddie), 
after 23-40 hrs of flight. The lack of lipid reserve depletion even 
after long periods of flight indicates that lipid utilization is 
efficient in migratory noctuid moths.
No significant change in haemolymph volume was observed during 
flight of A. gemmatalis indicating that changes in the concentrations 
of total carbohydrate and fatty acid of the haemolymph reflect changes 
in the total haemolymph pool of these flight fuels. JUTSUM and 
GOLDSWORTHY (1976) also found no change in the haemolymph volume of I.. 
migratoria during flight. Since no change in haemolymph volume or 
whole body dry weight was observed, the decrease in the whole body wet 
weight of A. gemmatalis was probably due to excretion which was 
reported to occur during flight of Rhodnius prolixus Stfil (GRINGORTEN 
and FRIEND, 1979). The water loss during flight is probably
compensated in part by the production of metabolic water (BEENAKKERS 
et al., 1985), which is probably functioning to maintain haemolymph 
volume and osmotic homeostasis. The stabilization of wet weight after 
120 min of flight is consistent with the concept of a switchover in 
flight fuel utilization from carbohydrate to lipid which produces more 
metabolic water than carbohydrate (BEENAKKERS et al., 1985). The 
variability between individuals and the low amount of lipid depletion 
probably accounts for the lack of a decrease in whole body dry weight.
The effect of flight on whole body and haemolymph carbohydrate 
and lipid levels was characterized in the migrant noctuid moth, A. 
gemmatalis. During flight, A. gemmatalis appears to use a two-fuel 
system in which flight energy is derived from carbohydrate and the 
lipids, palmitic, oleic and linoleic acid. The relatively large 
amount of lipid reserve and efficient utilization of lipid during 
flight indicates that migrant noctuid moths, such as A. gemmatalis, 
frugiperda and H. zea, are capable of making long distance movements. 
For many insects, migration is an important life history strategy but 
the migratory prospect of an insect is affected by an interaction of 
genetic and environmental factors (DINGLE, 1979). This Investigation 
provides a base of knowledge on the supply and utilization of the 
flight fuels in A. gemmatalis which plays an important role in the 
migration of noctuid moths.
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HERZOG D. C. and TODD J. W. (1980) Sampling velvetbean caterpillar on 
soybean. In Sampling Methods in Soybean Entomology (Ed. Kogan M. 
and Herzog D. C.), pp. 107-140. Springer-Verlag, New York.
JUTSUM A. R. and GOLDSWORTHY G. J. (1976) Fuels for flight In Locusta.
Insect Physiol. 22, 243-249.
KING E. G. and HARTLEY G. G. (1985) Dlatraea saccharalis. In Handbook 
of Insect Rearing (Ed. Singh P. and Moore R. F.), Vol. II. 
Elsevier, Amsterdam.
MORRISON W. A. and SMITH L. M. (1964) Preparation of fatty acid methyl 
esters and dimethylacetals from lipids with boron 
flouride-methanol. _J. Lipid Res. 5, 600-608.
TAYLOR R. A. J. (1979) A simulation model of locust migratory behavior. 
_J. Animal Ecology. 48, 577-602.
VAN DER HORST D. J., BALJET A. M. C., BEENAKKERS A. M. TH. and VAN 
HANDEL E. (1978a) Turnover of locust haemolymph diglycerides 
during flight and rest. Insect Biochem. 8, 369-373.
VAN DER HORST D. J., VAN DOORN J. M. and BEENAKKERS A. M. TH. (1978b)
Dynamics in the haemolymph trehalose pool during flight of the
locust, Locusta migratoria. Insect Biochem. 8, 413-416.
VAN DER HORST D. J., HOUBEN N. M. D. and BEENAKKERS A. M. TH. (1980)
Dynamics of energy substrates in the haemolymph of Locusta 
migratoria during flight. _J. Insect Physiol. 26, 441-448.
VAN HANDEL E. and NAYAR J. K. (1972a) Turn-over of diglycerides during 
flight and rest in the moth Spodoptera frugiperda. Insect 
Biochem. 2, 8-12.
VAN HANDEL E. and NAYAR J. K. (1972b) Direct use of carbohydrates 
during sustained flight in the moth, Spodoptera frugiperda.
Insect Biochem. 2, 203-208.
VAN HANDEL E. (1974) Lipid utilization during sustained flight of 
moths. _J. Insect Physiol. 20, 2329-2332.
71
WEIS-FOGH T. (1952) Fat combustion and metabolic rate of flying
locusts (Schistocerca gregaria Forskal). Phil. Trans. Roy. Soc. 
(B) 239, 459-510.
JUVENILE HORMONE ESTERASE 
ULTIMATE STADIUM LARVAE OF
CHAPTER IV
ACTIVITY IN DEVELOPMENTALLY SYNCHRONOUS 
THE MIGRANT INSECT, Anticarsia gemmatalis
This chapter is written in the style used by the 
Journal of Insect Physiology
ABSTRACT
Growth and development of cumulatively aged velvetbean 
caterpillar (Anticarsia gemmatalis Hilbner) larvae were characterized 
on the basis of weight, stadium and gate. Criteria were developed for 
the selection of synchronous ultimate (fifth) stadium larvae before 
they entered the ultimate stadium. Using synchronous larvae, precise 
determinations were made of haemolymph juvenile hormone III esterase 
activity, a-naphthyl acetate esterase activity and protein 
concentration. The first of two juvenile hormone III esterase 
activity peaks coincided with the time of maximum weight gain while 
the second peak coincided with formation of the prepupa. Juvenile 
hormones (5 x 10  ̂M) I, II and III were hydrolyzed at similar rates. 
The a-naphthyl acetate esterase activity and protein patterns differed 
from the pattern of juvenile hormone III esterase activity. A major 
peak of a-naphthyl acetate esterase activity was observed during the 
wandering phase of the penultimate and ultimate stadia. Haemolymph 
protein concentration of ultimate stadium larvae increased to a peak, 
which coincided with the initiation of wandering, and then decreased 
through pupation.
INTRODUCTION
The velvetbean caterpillar, Anticarsia gemmatalis HUbner 
(Lepidoptera: Noctuidae), is the key defoliator of soybean, Glycine
max (L.) Merrill, over a large geographic area including the United 
States, Central America and South America (HERZOG and TODD, 1980). It
is the ability of the adult moth to migrate which enables A. 
gemmatalis to ravage soybean in the United States above 28° north 
latitude (WATSON, 1915; HERZOG and TODD, 1980; BUSCHMAN et al., 1981). 
Phase variation is a common, primarily density-dependent 
characteristic of many migratory Lepidoptera (FAURE, 1943; MATTHEE, 
1947; LONG, 1953; IWAO, 1968; JOHNSON et al., 1985). Changes in the 
behavior and physiology of certain migratory insects has also been 
correlated with density-dependent phase variation (MATTHEE, 1945;
LONG, 1953; 1WA0, 1968; PENER 1983). Increasing the population 
density of A. gemmatalis larvae increased the degree of dark 
pigmentaion and decreased the adult weight (FESCEMYER and HAMMOND, 
1986a) indicating that density-dependent phase variation occurs in 
this migratory species.
The effects of population density on the development of an insect 
possessing phase variation and migratory behavior are mediated by the 
neuroendocrine system (JOHNSON, 1969; RANKIN and RANKIN, 1979; NIJHOUT 
and WHEELER, 1982; PENER, 1983; TOJO et al., 1985). Of the many 
hormones which influence insect development only juvenile hormone (JH) 
has thus far been shown to be involved in physiological processes 
related to migration (RANKIN and RANKIN, 1979; PENER, 1983). 
Fluctuations in the level of JH (TOJO et al., 1985) and juvenile 
hormone esterase (JHE) activity (SPARKS et al., 1983) have been 
associated with the regulation of phase polymorphism (NIJHOUT and 
WHEELER, 1982; PENER, 1983). Since JHE is important in regulating 
larval JH titres (HAMMOCK e£ al., 1981), it is appropriate to begin an 
investigation into the endocrine basis of A. gemmatalis phase 
polymorphism and migration behavior by conducting a study of JHE
levels in synchronous larvae.
Endocrine and related events (JHE activity titre) are very short 
lived in rapidly developing Lepidoptera, such as A. gemmatalis. In 
order to determine accurately physiological events and patterns, 
synchronously developing larvae having the same physiological 
condition or gate must be selected before ecdysis to the ultimate 
stadium. Several studies have examined cumulative larval development 
of A. gemmatalis under various environmental conditions (REID, 1975; 
LEPPLA et al., 1977; MOSCARDI, 1979). However, these studies have not 
examined developmental variations in weight, activity, colour, larval 
and pupal ecdysis and adult emergence for the purpose of developing a 
method to obtain synchronous A. gemmatalis larvae for detailed 
physiological studies. In order to examine the function of the 
neuroendocrine system in mediating the effect of density on the 
development of phase variation and migratory behavior in A. 
gemmmatalis, a base of knowledge must first be established under 
cntrolled environmental conditions.
This study was conducted to characterize the variation in growth 
(weight) and development (stadium and gate) of A. gemmatalis larvae 
reared on artificial diet and to develop a method of selecting
I
synchronous ultimate stadium larvae for study of the haemolymph titres 
of JHE activity. The haemolymph titres of a-naphthyl acetate (a-NA) 
esterase activity and protein concentration were determined for 
comparison with JHE activity and other species. With the exception of 
Danaus plexippus (L.) (JONES et al., 1982), no information is 
available concerning JHE in migrant Lepidoptera. Criteria for the 
selection of ultimate stadium larvae is available for only one other
migratory lepidopteran, Pseudoplusia includens (Walker) (SHOUR and 
SPARKS, 1981), while criteria for the selection of synchronous larvae 
is available for only three non-migratory Lepidoptera, Manduca sexta 
(L.) (TRUMAN, 1972; NIJHOUT and WILLIAMS, 1974a), Trichoplusia ni 
(Hlibner) (SPARKS et; al., 1979) and Diatraea saccharalis (Fabricius) 
(ROE et al., 1982). Thus, our investigation of A. gemmatalis is 
providing new information on esterase function and larval development 
in insects with unique life history strategies such as migration.
MATERIALS AND METHODS
Insect rearing
Anticarsia gemmatalis larvae were reared on a soybean flour wheat 
germ (SFWG) diet (KING and HARTLEY, 1985) at 27 ± 1°C and a 
photoperiod of 14L:10D (lights on at 0800 hr). Newly hatched 
first-stadium larvae representing oviposition during one night were 
reared one per 1 oz plastic, disposable cup (Fill-Rite, Inc., Newark, 
NJ) containing 5 to 8 ml of SFWG diet.
Characterization of larval stadia and gates
Three generations of insects (n = 250-300 for each generation) 
were used to determine the number of stadia present and the duration 
of larval and pupal stages. Observations were made daily at 0-3 hr 
and 10-12 hr after lights on (ALO, lights on at 0800 hr). Completion 
of a moult was determined by the presence of a shed, brown head 
capsule and/or black exuvia and Initiation of feeding after a 
wandering period. The term wandering is used to denote the time
during a stadium in which the larva has ceased feeding, purged the gut 
and undergone behavior typically associated with locating a suitable 
place to ecdyse to the next stadium. Developmental changes in colour 
and activity (feeding, wandering, spinning, moulting and burrowing) 
were also recorded.
Sets of larvae from the first (n = 50) and second (n = 75) 
generations were used in a study of weight gain during development 
beginning with the second instar. Weights were recorded daily at 0-3 
hr ALO until larvae reached the fourth stadium, when larvae were also 
weighed at 10-12 hr ALO until pupation.
Larvae of the third generation (n = 300) were used to determine 
if differences existed in the weight gain of larvae requiring five or 
six stadia as well as larvae requiring different ultimate stadium 
durations (gates). Beginning with the fourth stadium, larvae were 
weighed twice a day at 0-3 hr ALO and 10-12 hr ALO. Pupal weights 
were recorded one day after pupation for all larvae used in the 
staging and gating experiments. One day old adult weights were also 
determined using cold-anesthetized individuals of generations one and 
two. Larval weight to the nearest mg was determined using cleaned 
unanesthetized larvae.
Time (hrs ALO) of ecdysis to the ultimate (fifth) stadium and 
pupal and adult eclosion was determined using individuals of 
generations one and two (n = 500). All observations were performed on 
the hour. The time necessary for 50% (T^q) of the insects to ecdyse 
or eclose was calculated using probit analysis (FINNY, 1971).
Esterase and protein studies during development
Haemolymph protein concentration and esterase hydrolysis of JH 
III and a-NA were monitored in synchronous (gate II) ultimate (fifth) 
stadium larvae. Synchronously developing larvae were selected during 
the wandering period (D2) of the fourth stadium (S4D2) on the basis of 
their weight (£ 80 mg) at 12 hr ALO. Populations of wandering fourth 
stadium larvae were determined by following the cumulative development 
and morphological changes (see larval development section of the 
results) of only 5 randomly selected larvae. Assays were carried out 
every 6 hr beginning at 0 hr ALO (lights on at 0800 hr) of S4D2. For 
every time point in each developmental phase the assays were run in 
triplicate. The entire regime was repeated on 2 separate occasions 
(D3 and D4 of the fifth stadium were repeated 3 times).
Collection of haemolymph
Haemolymph was collected from a larva by clipping one of the 
prolegs. Pupae were bled by piercing the intersegmental line at the 
top of the head. The haemolymph from three individuals was pooled and 
diluted 1:10 in 4°C, 0.1 M sodium phosphate buffer pH 7.4 containing 
0.1% phenylthiourea (PTU) (to inhibit tyrosinases). All assays were 
performed within 1 hr of collection.
JH esterase assays
Haemolymph JH III esterase activity in the ultimate stadium was 
monitored by the partition method of HAMMOCK and SPARKS (1977) using 
chain-labelled JH III (11 Ci/mmole, at C-10, New England Nuclear 
Corp.) and cold JH III (£ 95% JS.E, Calbiochem-Behring). Labelled plus
cold JH III in ethanol (1 pi) was added as substrate to give a final 
concentration of 5x10  ̂M. The haemolymph concentrations (0.2-1.0%) 
used produced hydrolysis rates which were linear for the duration of 
the assay (10 min at 30°C).
A comparison of JHE activity for JH I, JH II and JH III was 
determined using haemolymph from gate 2 ultimate (fifth) stadium day 2
larvae at lights on (0 hr ALO). JH I or JH II esterase activity was
3assayed using chain-labelled JH I or JH II (11 Ci/mmole, H at C-10, 
New England Nuclear Corp.) and cold JH I or JH II (£ 95% E»E.»Z.» 
Calbiochem-Behring). The partition assay was performed as described 
above for JH III. Final substrate concentration for each JH was 
5x10  ̂M. The JHE assays were replicated five times for each JH.
q-Naphthyl acetate esterase and protein assays
General esterase activity was monitored by the method of VAN
ASPEREN (1962) as modified by SPARKS et al. (1979) using a-NA as the
substrate. a-NA (1 ml in buffer) was added as substrate to give a
-4final concentration of 2.5x10 M. Haemolymph protein concentration 
was determined by a dye-binding method (Bio-Rad ) using bovine serum 
albumin (Sigma) as the protein standard.
RESULTS
Larval development
At 27°C, most of A. gemmatalis completed larval development in 5 
(48.5%) or 6 (50.4%) stadia (Table 1) while only 1.1% required 7 
stadia. Time spent in the first stadium (SI) totalled 2-3 days, while
Table 1. Larval and pupal development times for A. gemmatalis.̂
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5(Gate 2), 30.8 63.5
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*A11 insects were reared at 27°C and LD 14:10.
2Penultimate stadium larvae.
3Ultimate stadium larvae.
1-3 days were required for each of S2, S3 and S4 (Table 1). When the 
ultimate stadium was S5 or S6, it generally lasted 5 or 6 days (Table 
1). Larvae whose ultimate stadium was S6 generally spent 2-3 days in 
S5 (Table 1). The average duration and range (in parentheses) of the 
larval stage from egg hatch to pupation for those requiring 5, 6 or 7 
stadia was 13.3 (10-16) days, 14.5 (12-18) days, or 16.5 (13-20) days, 
respectively. The average duration of the pupal stage was 8.0 days 
(Table 1). No significant differences in pupal duration were observed 
for larvae requiring different stadia and gates.
Ultimate stadium larvae which pupated in 4 to 8 days will be 
referred to as gate 1 (Gl) to gate 5 (G5), respectively (TRUMAN, 1972; 
TRUMAN and R1DDIF0RD, 1974). In larvae requiring 5 or 6 stadia, G2 
composed 63.5% and 74.3% of the individuals, respectively (Table 1).
No significant differences in larval or pupal development times were 
observed between males and females. The sex ratio was 1 female to 
1.05 males.
SI larvae fed for 2 days and wandered (including moulting) for 1 
or 2 days. S2 to penultimate stadium larvae fed for 1 or 2 days and 
wandered for only 1 day. Ultimate stadium larvae fed for 2, 3 or 4 
days depending upon the gate (Gl, G2 or G3 respectively; Table 1). By 
10 hr ALO of the last day of feeding (D3 for S5 G2 larvae for 
example), ultimate stadium larvae were beginning to enter the 
wandering or burrowing period. By lights on the following day (D4 for 
S5 G2 larvae for example) larvae had formed pupation cells and purged 
their guts. Larvae were entering the prepupal period by 10 hr ALO (D4 
for S5 G2 larvae for example) and ecdysis to the pupa occurred the 
next day (D5 for S5 G2 larvae for example).
Within stadia SI to S4 the larvae underwent colour changes, 
ranging from green to light-green during the feeding period to a blue 
green colour during the wandering period. Body size became 
proportionately larger than the head capsule throughout the transition 
from feeding to wandering. SI to S4 larvae which were wandering at 
10-12 hr ALO had molted to the next stadium by 0 hr ALO the following 
day. Ultimate stadium larvae in the feeding period could be 
characterized by their conspicuous black and white longitudinal lines 
in the dorsal and subdorsal areas and the broad, white longitudinal 
subventral stripe. Ultimate stadium feeding period larvae on 
artificial diet ranged in colour from green to tan (diet colour) to 
grey and occasionally were black. The wandering (burrowing and cell 
forming) period of the ultimate stadium could be characterized by the 
loss of longitudinal lines and the formation of a green body colour 
with a longitudinal reddish band on the dorsal area which is lost with 
the formation of the green prepupa.
Weight versus stadium
Weights of A. gemmatalis larvae (Fig. 1) were grouped according 
to the number of stadia (5 or 6) required for development. Larvae 
requiring 5 stadia to complete development gained weight faster than 
larvae requiring 6 stadia (Fig. 1). Weight gain of both groups was 
most rapid during day one of the ultimate stadium (Fig. 1). Greater 
total weight was obtained by sixth stadium larvae with the greatest 
weight occurring during D3 of the ultimate stadium in both groups.
An examination of wet weight versus stadium (Fig. 1) indicated 
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STAGE IN LARVAL DEVELOPMENT
Fig. 1. Cumulative weight gain of A. gemmatalis larvae requiring five
(-----) and six (---- ) stadia to pupate. Weights were
recorded daily at 0-3 hr AL0 until larvae reached the fourth 
stadium when larvae were also weighed at 10-12 hr AL0 until 
they pupated. Points represent means ± S.D. (n £ 125). The 
heavier tick marks on the abscissa indicate the beginning of 
a stadium or pupation. F, feeding; W, wandering; PP, 
prepupae; P, pupae.
according to the number of stadia (5 or 6) required to complete larval 
development by weight. S4D2 larvae with a weight less than 60 mg 
required largely 6 stadia while those greater than 60 mg required 
largely 5 stadia (Fig. 2). Since no significant (P £ 0.001) change in 
weight occurred during S4D2 (Fig. 1), selection of stadia groups 5 or 
6 by weight could be performed at any time during S4D2 (Fig. 2). By 
S4D2 0 hr ALO, the larvae have entered the wandering period and purged 
their guts turning blue-green in colour. Selection of S4D2 larvae 
between 20-50 mg resulted in 100% having 6 stadia while selecting 
those greater than 70 mg resulted in 100% having 5 stadia.
Time of ecdysis to ultimate stadium 5 versus gate
Ecdysis to the ultimate stadium began 13-14 hrs ALO and continued 
until 22 hr ALO (Fig. 3). Larvae ecdysing to S5 at 16-18 hrs ALO were 
more likely to be G2 than any other gate (Fig. 3). Larvae ecdysing at 
13, 14, 19 and 20 hrs ALO were more likely to be G3 than any other 
gate (Fig. 3). Selection of S5 ultimate larvae between 16 and 18 hrs 
ALO will result in relatively more G2 larvae (73.2%) than G3 (26.8%). 
However, this selection criteria did not eliminate a large enough 
number of either gate for the purposes of this study.
The time necessary for 50% (T^q) of all larvae to ecdyse to the 
ultimate stadium (S5) was 16.4 hr ALO and 17.7 hr ALO for G2 and G3 
larvae, respectively. The T^q for ecdysis to the pupal stage was 6.0 
hr ALO and 6.9 hr ALO for G2 and G3 larvae, respectively. Thus, the 
time of day during which ecdysis to the ultimate stadium or the pupa 
occurs is relatively fixed, regardless of the day on which it occurs. 
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Proportion of larvae requiring five (shaded area) versus six 
(unshaded area) stadia to pupate with respect to weight.
Each graph represents a population of fourth stadium larvae 
(n = 425) weighed at the time indicated. Each bar represents 
the percentage of all larvae examined which had the specified 
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TIME OF ECDYSIS TO THE ULTIMATE 
STADIUM (HRS ALO)
Fig. 3. Proportion of larvae spending five (gate 2; shaded area) 
versus six (gate 3; unshaded area) days in the ultimate 
stadium relative to the time of ecdysis into the ultimate 
(fifth) stadium. Each bar represents the percentage of all 
larvae (n = 500) examined which underwent ecdysis to the 
ultimate stadium during the hour ALO (after lights on) 
specified.
continued to emerge for up to 4 hrs after lights off. The most active 
period of emergence was between 12 and 14 hrs ALO. The T,.q for adult 
emergence was 12.3 hr ALO and 13.1 hr ALO for males and females, 
respectively.
Weight versus gate of ultimate stadia 5
A comparison of the weight of larvae requiring 5 stadia with the 
proportion of G2 and G3 was examined on 3 consecutive days beginning 
with 0 hr ALO S4D2 (Fig. 4). In each developmental period shown in 
Figure 4, the heavier larvae contained a higher proportion of G2 vs.
G3 larvae. Examination of Figure 4 indicated that a high proportion 
of G2 larvae could be obtained by selecting S4D2 larvae weighing 
greater than 80 mg at 12 hr ALO. When S4D2 larvae were selected 
according to those criteria, 94.5% of the larvae were G2, required 5 
stadia to complete development, provided synchronous larvae (20 to 25% 
of the total larvae) before ecdysis to the ultimate stadium.
Within a stadium (5 or 6) and gate (2 or 3), males were 
significantly (F £ 0.001) heavier than females for stages of 
development beginning with S4D2 larvae and continuing to day one 
adults (Table 2). The weight of female S4D2 through S5D2 larvae
I
requiring 5 stadia did not overlap those of males requiring 6 stadia 
(Table 2; P £ 0.001). Within a stadium group, the weight of G2 female 
larvae did overlap those of G3 males (Table 2; P £ 0.24). However, 
the selection of ultimate larval gate on the basis of weight during 
S4D2 did not bias the results toward males because females comprise 
54.4% of the larvae weighing greater than 80 mg at 12 hr ALO. There 
was no significant (P £ 0.31) difference between the weights of G2 and
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Proportion of larvae spending five (gate 2; shaded area) 
versus six (gate 3; unshaded area) days in the ultimate 
stadium with respect to weight. Each graph represents a 
population of larvae (n = 425) weighed at the stadium and 
time ALO (after lights on) indicated. Each bar represents 
the percentage of all larvae examined which had the specified 
weight range (10 mg).
12Table 2. Sexual wee weight dimorphism by instar, gate and sex (percentage of the total population).
Stadium 5 Stadium 6
Stage of _ 
Development
Gate 2 Gate 3 Gate2 Cate 3
<f (14.41) ? (19.41) rf (7.0Z) 8 (9.2X) (22.31) 8 (18.7Z) i (5.12) » (3.92)
0 hr ALO S4D24 104.1116.la 90.2118.lb 88.9118.5b 82.2118.7c 51.31 8.8d 41.41 5.8e 45.01 8.9c 39.31 7.If
12 hr ALO S4D24 100.1118.0a 89.7118.7b 64.01 3.6c 73.31 8.0d 50.01 7.6e 40.01 7.8f 43.01 7.3g 37.41 6.9h
12 hr ALO S5D25 310.4*39.6a 268.1143.0b 241.9144.0c 226.5128.Id 134.2119.le 123.7117.2f 121.2115.8f 111.9115.9g
12 hr ALO S5D46 256.4127.7c 212.1129.5e 317.4139.9a 264.7128.1c ----- ----- -----
12 hr ALO S6D46 265.2132.5c 238.9123.3d 305.9158.3b 294.5141.0b
Day One Pupae 236.6128.4a 200.5129.8b 226.1124.4a 188.7122.8b 249.7128.6c 222.8121.la 218.8142.6a 196.5121.6b
Day One Adult 108.1117.8a 90.5117.7b 109.9118.5a 87.9114.2b 114.5117.1a 98.2116.1b 115.8121.7a 105.0116.8b
^Values are means ± standard deviation and means within each row followed by the same letter are not significantly different (a - 0.05; 
Duncan'8 multiple range test)
^Total number of larvae examined was 425.
* stadium, D ■ day and ALO 11 after lights on.
4
Wandering phase of S4.
^Feeding phase of ultimate stadium S3 larvae or wandering 
^Wandering phase of gate 2 or the last day of the feeding
phase of penultimate stadium S6 larvae, 
phase for gate 3 ultimate stadium larvae.
G3 larvae of the same sex in the wandering period of the ultimate 
stadium, day one pupae and day one adults (Table 2).
Haemolymph JH esterase activity during the ultimate stadium
The ability of haemolymph from 0 hr ALO S5D2 larvae (G2) to 
hydrolyze JH II (147.2 ± 21.1 nmole/min-ml; mean ± S.D.) was not 
significantly different (P £ 0.19) from JH I (128.6 ± 26.2 
nmole/min-ml; mean ± S.D.) or JH III (172.1 ± 26.4 nmole/min-ml; mean 
± S.D.). Significant differences (P £ 0.03) were observed in the rate 
of hydrolysis of JH I vs. JH III.
The pattern for haemolymph esterase activity using JH III as 
substrate was relatively low (0.8 ± 0.2 nmole/min-ml) during S4D2 
(Fig. 5). Just after ecdysis to the ultimate (fifth) stadium the 
activity began to increase to a maximum value of 100.3 ± 3.9 
nmole/min-ml at approximately 0 hr ALO S5D2 (Fig. 5) which coincides 
with the time of maximum weight (Fig. 5). After peaking, the activity 
returns to a low level (Fig. 5; 1.6 ± 0.4 nmole/min-ml) at 
approximately 18 hrs ALO S5D3 which coincides with initiation of 
wandering or burrowing behavior. A second, but smaller, peak of 
activity (Fig. 5; 13.8 ± 1.2 nmole/min-ml) occurs at approximately 0
hr ALO S5D5 which coincides with formation of the prepupa.
Haemolymph a-NA esterase activity and protein concentration during the 
ultimate stadium
The pattern of haemolymph a-NA esterase activity is different 
than the JH III esterase pattern (Fig. 5). The first of two a-NA
esterase activity peaks (Fig. 5; 3.1 ± 0.1 mmole/min-ml)) occurred at
91
Fig. 5. Patterns of haemolymph juvenile hormone esterase (JHE)
activity on JH III (5x10  ̂M), esterase activity on
-4a-naphthyl acetate (alpha-NA; 2.5x10 M) and protein 
concentration during the ultimate stadium of gate 2 larvae 
requiring five stadia to complete development and weighing 
greater than 80 mg during day 2 of the fourth stadium. 
Shaded areas on the abscissa represent lights off. Points 
are means ± S.E. (n £ 6).
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6 hr ALO S4D2 and coincided with the wandering period of S4. The 
second peak (Fig. 5; 2.8 ± 0.1 nmole/min-ml) occurred at 18 hr ALO 
S5D4 and coincided with the wandering period of the ultimate stadium 
(S5). The second peak also overlaps the second JH 111 esterase peak 
(Fig. 5). After peaking, the a-NA esterase activity decreased to its 
lowest levels (1.0 ±0.1 mmole/min-ml) which coincided with ecdysis to 
S5 for the first peak and ecdysis to the pupa for the second peak 
(Fig. 5).
The pattern of haemolymph protein concentration (Fig. 5) 
increased during the first 3-4 days of the ultimate stadium (S5) to a 
peak (92.9 ± 2.0 mg/ml) at approximately 0-6 hr ALO S5D4. The protein 
concentration then decreased through pupation at 12 hr ALO S5D5 (Fig. 
5).
DISCUSSION
Synchronization of larval development
Five to seven stadia have been reported for A. gemmatalis 
(WATSON, 1915; REID, 1975; MOSCARDI, 1979). This range of stadia was
confirmed in this study. Ranges of cumulative larval development
1
presented here (13.3 to 16.5 days) compare well with the times given 
by REID (1975, 14.3 at 27.4°C) and MOSCARDI (1979, 12.6 to 14.3 at 
26.7°C) who reared A. gemmatalis on soybean leaves. Mean duration of 
the pupal stage (8.0 days) is also in agreement with previous reports, 
9.5 days at 27.4°C (REID, 1975) and 8.9 to 9.4 for larvae fed 
different soybean phenological stages at 26.7°C (MOSCARDI, 1979). The 
sex ratio of A. gemmatalis (1.05, male:female) is within the range
reported by MOSCARDI (1979; 0.83 to 1.37), for larvae fed soybean 
leaves from different phenological stages.
The existence of multlple-stadia groups and different ultimate 
stadium durations for different generations of A., gemmatalis Indicates 
that A. gemmatalis larval development is polymorphic. For this 
reason, close synchronization of ultimate stadium A. gemmatalis larvae 
was a necessary prerequisite for the precise determination of 
physiological events and patterns. Selection of S4D2 larvae that 
weigh greater than 80 mg at 12 hr ALO resulted in a high proportion of 
G2 larvae (94.5%) requiring 5 stadia to complete development.
Although exclusively selecting G2 larvae on the basis of weight was 
impractical, the proportion of G2 larvae was high enough to allow 
consistent results. The gate could be exclusively determined by 
physical (colour and appearence of the dorsal vessal) and behavioral 
(gut purge and burrowing) characteristics after early S5D4. Besides 
this study on A. gemmatalis, detailed biological information necessary 
for the selection of synchronous ultimate stadium larvae is available 
for only one other migrant lepidopteran (Noctuidae), JP. includens 
(SHOUR and SPARKS, 1981).
Under the rearing conditions of this study, ecdysis to the 
ultimate stadium or pupa always occurred at the same time ALO 
regardless of the number of stadia or length of the ultimate stadium 
required to complete development. This suggests that the endocrine 
events initiating larval to larval moult and larval to pupal 
transformation is similar to that reported for M. sexta (TRUMAN and 
RIDDIFORD, 1974; NIJHOUT and WILLIAMS, 1974a,b) and T. ni (JONES et 
al., 1981). Unlike M. sexta, which enters wandering only during the
scotophase (TRUMAN and RIDDIFORD, 1974), A. gemmatalis initiates 
wandering during the photophase.
This study has revealed weight differences between males and 
females in the penultimate larva, ultimate larva, pupa and adult 
stages. LEPPLA jelt al. (1977) reported that the average right forewing 
length of A. gemmatalis males was significantly greater than that of 
females but sexual dimorphism of weight has apparently not been 
studied or not reported for A. gemmatalis. The selection of ultimate 
larval gate was not biased toward the heavier males indicating that 
sexual dimorphism of weight did not seriously alter the selection of 
G2 vs. G3 insects. Despite their smaller size, female A. gemmatalis 
were not significantly different from males in the number of stadia 
and gates required to complete development.
Esterase activity and protein patterns
The haemolymph JHE activity pattern for the ultimate stadium of 
A. gemmatalis is similar to that reported for most Lepidoptera in 
which the first JHE activity peak occurs near the time of maximum 
weight while the second peak corresponds with formation of the prepupa 
(WEIRICH and WREN, 1976; VINCE AND GILBERT, 1977; SPARKS et al., 
1979,1983; JONES et al., 1982; ROE et al. 1983). However, the JHE 
activity pattern for A. gemmatalis does not agree with the pattern in 
the ultimate stadium of the only other migratory lepidopteran in which 
JHE has been investigated, I), plexippus (JONES et al., 1982). In A. 
gemmatalis, the first peak of JHE activity is higher than the second 
peak. The two peaks of JHE activity in the haemolymph of D. plexippus 
were not significantly different in height (JONES et al., 1982) and
the activity was low, 0.8 and 0.5 nmoles/min-ml in I), plexippus (JONES 
et al., 1982) compared to 100.3 and 13.8 nmoles/min-ml in A. 
gemmatalis for peaks one and two respectively. Differences in the 
JHE activity level and pattern between the noctuid moth A. gemmatalis 
and the danaid butterfly I), plexippus (JONES et al., 1982) indicates 
that generalizations about JHE's in distantly related migrant 
Lepidoptera cannot be made.
Studies on the JHE activity patterns during the ultimate stadium 
of T̂. ni (HAMMOCK et al., 1981) and M. sexta (WEIRICH et al., 1973; 
NIJHOUT and WILLIAMS, 1974a; VINCE and GILBERT, 1977) have emphasized 
a correlation between JH titre, JHE activity and the role of JHE in 
regulating the JH titre. JHE activity during the ultimate stadium of 
A. gemmatalis probably functions to clear JH from the haemolymph so 
metamorphosis may proceed as hypothesized in other Lepidoptera (VINCE 
and GILBERT 1977; HAMMOCK et al., 1981; JONES et al., 1982). 
Synchronization of larval development and the use of multiple assay 
times during each day of the ultimate stadium enabled precise timing 
of the two JHE activity peaks which occurred at approximately lights 
on. The occurrence of JHE activity peaks at specific times suggest 
that JHE activity may be associated with a circadian rhythm sensitive 
to photoperiod.
The similarity in the magnitude of A. gemmatalis haemolymph JHE 
activity on JH I, JH II and JH III reported in this study differs from 
other studies on Lepidoptera which found JH I to be hydrolyzed two to 
three times faster than JH III (SPARKS and HAMMOCK, 1980; WING et al., 
1984; YUHAS et al., 1983). However, haemolymph JHE activity patterns 
of IT. ni monitored using JH I and JH III as substrates were very
similar (SPARKS et al., 1979) and the specificity JHE ^or
JH I was only slightly lower (1.05x) than JH III (HAMMOCK et al.,
198A). The JHE activity pattern for A. gemmatalis is likely to be 
similar for all three JH's.
The haemolymph a-NA esterase activity pattern for the ultimate 
stadium of A. gemmatalis was different from the JHE activity pattern 
indicating that JHE activity was probably not a function of a-NA 
esterase activity. Similar results have also been observed in the 
ultimate stadium of T_. ni (SPARKS et al., 1979) and M. sexta (SPARKS 
et al., 1983).
The pattern of haemolymph protein concentration in A. gemmatalis 
fits the typical pattern for holometabolous insects in which the 
protein level increases to a peak during the middle to late ultimate 
stadium (WYATT and PAN, 1978; MULLINS and COCHRAN, 1983). After 
peaking, the concentration declines prior to larval-pupal ecdysis 
(WYATT and PAN, 1978; MULLINS and COCHRAN, 1983). Similar haemolymph 
protein patterns for T?. ni were observed when monitored by four 
different accepted techniques of protein assay (SPARKS et al., 1979) 
indicating the validity of comparing protein patterns from different 
reports. Changes in the haemolymph protein concentration of insects 
during the ultimate stadium were reported to occur independent of 
changes in blood volume (JEUNIAUX, 1971). These changes in protein 
concentration during the ultimate stadium of A. gemmatalis reflect 
changes in the total haemolymph pool of protein.
This investigation has established parameters for growth and 
development of A. gemmatalis under controlled environmental 
conditions. Environmental factors, such as high population density,
influence growth, development, reproduction and behavior resulting in 
phase variation and migration of many insects (JOHNSON, 1969; DINGLE, 
1972, 1979; RANKIN and RANKIN, 1979; PENER, 1983). By making 
inferences to the biological information presented in this 
investigation, the effect of population density on A. gemmatalis 
larval color, growth and development was determined to result in phase 
variation (FESCEMYER and HAMMOND, 1986). The mechanism by which the 
neuroendocrine system mediates the response to population density or 
any other environment factor is complicated and specific to the 
species (RANKIN and RANKIN, 1979; NIJHOUT and WHEELER, 1982; PENER, 
1983) . The ability to use the simple criteria developed by this 
investigation to select synchronous insects with 94.5% certainty has 
enabled the elucidation of the role of JH and JHE in mediating the 
effect of density on color, growth and development phase variation in 
A. gemmatalis larvae (FESCEMYER and HAMMOND, 1986b).
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CHAPTER V
THE RELATIONSHIP BETWEEN POPULATION DENSITY, JUVENILE HORMONE, 
JUVENILE HORMONE ESTERASE AND PHASE VARIATION IN LARVAE OF THE MIGRANT 
INSECT, Anticarsia gemmatalis Htibner
This chapter is written in the style used by the 
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ABSTRACT
Phase variation in size (weight), pigmentation and development of 
the velvetbean caterpillar, Anticarsia gemmatalis HUbner, was 
investigated in relation to larval density and juvenile hormone (JH) 
application. Reducing the density at the ultimate stadium resulted in 
pupal and adult weights and larval durations that were intermediate 
between larvae reared crowded or uncrowded throughout development.
The degree of dark pigmentation was not influenced by density after 
larvae ecdysed to the ultimate stadium. JH 1 and the JH mimic 
epofenonane inhibited the pigmentation of crowded larvae when applied 
before pigmentation occurred in the ultimate stadium. Application of 
epofenonane to crowded larvae increased the pupal weight and larval 
duration. Thus, increasing the JH level of crowded larvae resulted in 
larvae that were similar to uncrowded larvae in color and size. 
Juvenile hormone esterase (JHE) activity in synchronous ultimate 
stadium larvae varied with development time and density but larval 
weight was not associated with JHE activity. Epofenonane application 
resulted in JHE activity levels in crowded ultimate stadium larvae 
that were similar to uncrowded larvae indicating that JHE activity is 
a function of the JH titre. These results suggest that the JH titre 
of crowded A. gemmatalis larvae is lower than uncrowded larvae.
INTRODUCTION
In locusts (UVAROV, 1921; PENER, 1983) and migratory Lepidoptera 
(FAURE, 1943; JOHNSON, 1969; IWAO, 1968), larval color, rate of growth
and size are the prominent characters associated with phase variation. 
The development of phase variation in migratory insects appears to be 
a response to population density which is mediated by the 
neuroendocrine system (NIJHOUT and WHEELER, 1982; PENER, 1983). This 
system regulates the release of juvenile hormone (JH) which appears to 
have an important role in mediating the effect Of density on phase 
variation (RANKIN and RANKIN, 1979; NIJHOUT and WHEELER, 1982).
Increasing the JH titre of crowded, gregarious phase Spodoptera 
litura (F.) caterpillars with exogenous JH resulted in 
ultimate-feeding stage durations and pupal weights that were similar 
to the green, solitary phase (TOJO et al., 1985). Implantation of 
active copora allata or application of JH to crowded, gregarious 
locust larvae of Locusta miRratoria L. or Schistocerca gregaria 
(Forsk.) resulted in solitary phase coloration (green) and morphology 
(NIJHOUT and WHEELER, 1982; PENER, 1983). Determinations of the JH 
titres during late larval development of £. litura (YAGI and 
KURAMOCHI, 1976) and L. migartoria (NIJHOUT and WHEELER, 1982; PENER, 
1983) have shown that solitary phase larvae have higher JH titres than 
crowded, gregarious phase larvae.
Juvenile hormone esterase (JHE) is one of the major factors 
involved in JH regulation in Lepidoptera (HAMMOCK et al., 1981). JHE 
activity can be influenced by factors which include the JH titre 
(SPARKS and HAMMOCK, 1979a,b; SPARKS et al., 1979b; HAMMOCK et al., 
1981; SPARKS et al., 1983). The low JH titre in crowded j>. litura 
larvae could be due, in part, to a higher titre of JHE activity. 
However, the role of JHE in regulating the JH titre in relation to 
population density and phase variation has not been investigated in
Lepidoptera.
Antlcarsia gemmatalis Hlibner (Lepidoptera: Noctuidae) is a
migratory pest of soybean in the Gulf Coast area of the United States 
(HERZOG and TODD, 1980). Increasing the population density of A. 
gemmatalis larvae increased the degree of dark pigmentation and larval 
duration and decreased adult weight (FESCEMYER and HAMMOND, 1986) 
indicating that density-dependent phase variation occurs in this 
species. In order to elucidate the function of the neuroendocrine 
system in regulating the density-dependent phase variation in A. 
gemmatalis, an investigation of the effects of population density and 




First stadium A. gemmatalis larvae used in all experiments were 
obtained from a colony in which the insects were reared individually 
for 15 generations on a soybean wheat germ diet (KING and HARTLEY, 
1985). Larvae hatching from one night's oviposition were placed on 
excised 'Davis' soybean leaves in 100x15 mm petri dishes and reared at 
27±1°C, 80% relative humidity and a photoperiod of 14L:10D. Green and 
black phase larvae were obtained by rearing the larvae at densities of 
one (uncrowded) and seven (crowded) larvae per petri dish, 
respectively (FESCEMYER and HAMMOND, 1986). Soybean leaves were 
collected from the top four trifoliolates of plants grown in field 
cages at St. Gabriel, LA., and sterilized in one percent chlorox
before feeding them to the larvae. The larvae were never allowed to 
exhaust their food supply.
Developmental studies
Two generations of insects (n=50-100) were used to determine the 
effect of density on the weight of ultimate (fifth, S5) stadium 
larvae, number of days (gate, G) spent in S5, duration of larval and 
pupal stages and one-day-old pupal and adult weights. Three larval 
rearing density treatments were tested: 1) uncrowded (1/petri dish)
throughout development, 2) crowded (7/petri dish) throughout 
development and 3) larvae crowded through the penultimate stadium were 
uncrowded for the remainder of development at ecdysis (0 hr ALO, after 
lights on; S5D1, stadium five day one) to the ultimate stadium. Time 
(hrs ALO) of pupal eclosion was determined using individuals of 
generation two (n=100).
In a developmental synchronization study performed by rearing the 
A. gemmatalis larvae uncrowded on artificial diet, a threshold size 
(80 mg) for the penultimate-wandering stage (S4D2) was determined 
(FESCEMYER et al., 1986). Larvae over this size are destined to 
pupate on day five (G2) of the following ultimate stadium (S5). Those 
larvae with smaller weights either undergo further larval moult (S60 
mg) or spend more time in the ultimate stadium before pupating. In 
this investigation, the synchronous uncrowded and crowded larvae 
obtained using these criteria were used to determine the titre of 
haemolymph JHE activity during the ultimate stadium. Alpha-naphthyl 
acetate (a-NA) esterase activity was also monitored for comparison 
with JHE activity. Since the maximum weight gain of uncrowded
ultimate stadium larvae was greater than crowded larvae, wet weight 
was determined before performing the JHE and a-NA esterase analyses on 
the same insects. Triplicate assays were carried out daily at 0 hr 
ALO beginning with S5D1 and the entire experiment was replicated 
twice.
JH and a-NA esterase assays
Haemolymph was collected from a larva by clipping one of the 
prolegs. Pupae were bled by piercing the intersegmental line at the 
top of the head. Haemolymph from three individuals was pooled and 
diluted 1:10 in 4°C, 0.1 M sodium phosphate buffer pH 7.4 containing 
0.1% phenylthiourea (PTU). All assays were performed within 1 hr of 
collection.
Haemolymph JHE activity in the ultimate stadium was monitored by 
the partition method of HAMMOCK and SPARKS (1977) using chain-labelled
3JH III (11 Ci/mmole, H at c-10, New England Nuclear Corp.) and cold
JH III (£95% E.»E.» Calbiochem-Behring). Labelled plus cold JH III in
ethanol (1 pi) was added as substrate to give a final concentration of
5x10  ̂M. The haemolymph concentrations used produced hydrolysis
rates which were linear for the duration of the assay (10 min at
30°C). General esterase activity was monitored by the method of
SPARKS et al. (1979a) using a-NA (1 ml in buffer) added as substrate
-4to give a final concentration of 2.5x10 M.
Hormones
The JH analogs epofenonane (l-(4'-ethylphenoxy)-6,7-epoxy-3- 
ethyl-7-methylnonane; P. Masser, Dr. Maag LTD, Switzerland) and JH I
(Sigma) and the anti-JH fluoromevalonolactone (FMEV; G. Quistad,
Zoecon Corp.) were dissolved in ethanol while the anti-JH DPH 
(3,3-dichloropropenylhexanoate; G. Quistad, Zoecon Corp.) was 
dissolved in acetone. These solutions were topically applied (1 yl) 
to the dorsum of the abdomen.
Scoring of the degree of pigmentation
Classification of the degree of pigmentation of last stadium 
larvae was performed as described by FESCEMYER and HAMMOND (1986).
The three catagories or phases of colour were assigned a numerical 
value or score of 0 (green), 50 (intermediate) and 100 (black). All 
larvae were green, irrespective of treatment, until after ecdysis to 
the ultimate stadium.
Statistical comparisons were investigated with a factorial design 
analyzed by the general linear models procedure of SAS . Means were 
separated by Duncan's multiple range test. The median effective dose 
(ED^q) and the time necessary for 50% (T q̂) of all larvae to ecdyse to 
the pupal stage were calculated using probit analysis (FINNEY, 1971).
RESULTS
t
Effects of density on development
Reducing the density at the ultimate stadium (S5) resulted in 
one-day-old pupal and adult weights and larval durations that were 
intermediate (PS0.0001) between uncrowded or crowded larvae (Table 1). 
Uncrowded larvae were greater in one-day-old pupal and adult weight 
and shorter in larval duration than larvae reared crowded throughout
Table 1. Effect of reducing the density at the beginning of the ultimate stadium on 
development of A. gemmatalis.̂
Density (///dish) Sex n Stage Weight (mg) Stage Duration (days)
2 3S1-S5 S5_____________________Pupae________ Adult________ Larvae_________ Pupae
1 1  F 90 200 + 6a 87 + 6a 13.1 + 0.2a 8.6 + 0.2a
1 1  M 98 226 + 9b 101 + 4b 13.2 + 0.2a 9.0 + 0.2a
7 1 F 95 148 + 7c 66 + 8c 13.3 + 0.3ab 8.3 + 0.6a
7 1 M 85 180 + lid 79 + 9d 13.5 + 0.3ab 8.7 + 0.3a
7 7 F 94 122 + 8e 55 + 9e 13.6 + 0.2b 8.9 + 0.2a
7 7 M 88 129 + 7f 71 + 4f 13.7 + 0.4b 8.5 + 0.4a
^Values are means ± 95% confidence interval and means within a column followed by
the same letter are not significantly different (ct=0.05; Duncan's multiple 
range test).
2Density from the first stadium (SI) until ecdysis to the ultimate stadium (S5).
3Density after ecdysis to the ultimate stadium (S5).
development (PS0.0001; Table 1). Duration of the pupal stage did not 
vary (PkO.16) with density treatment (Table 1). Males were larger 
(PS0.0001) than females in all density treatments (Table 1) but larval 
and pupal stage durations did not vary with sex (P£0.13). The 
interaction between density treatment and sex was not significant 
(PS0.1208) for all dependent variables tested (pupal and adult weight 
or larval and pupal duration) indicating that the effect of density 
was independent of sex. Reducing the density at the ultimate stadium 
also resulted in proportions of G2 and G3 larvae (G2=60.7% and 
G3=39.3%) that were intermediate between uncrowded larvae (G2=85.3% 
and G3=12.9%) and crowded larvae (G2=37.4% and G3=61.8%). These 
differences in the proportions of G2 and G3 reflect the differences in 
the larval durations between density treatments (Table 1). Reducing 
the density at the ultimate stadium had no affect on the degree of 
pigmentation from that of larvae reared crowded throughout larval 
development.
Uncrowded, green larvae gained weight faster and attained a 
greater maximum weight (uncrowded=251 ± 13 mg and crowded=195 ± 7 mg, 
mean ± 95% C.I.) than crowded, black larvae during the ultimate 
stadium (Fig. 1). Larvae entering the ultimate stadium had similar 
weights (Fig. 1; uncrowded=84 ± 22 mg and crowded=83 ± 7 mg, mean ±
95% C.I.) and ecdysis to S5 and pupae (G2) occurred on the same 
respective days indicating that these larvae were developmentally 
synchronous. JHE and a-NA esterase titres were determined using 
haemolymph from larvae whose weights are shown in Fig. 1.
The time necessary for 50% (T^q) of all larvae to ecdyse to the 
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DAYS IN THE ULTIMATE STADIUM
Fig. 1. Change in the wet weight of synchronous A. gemmatalis larvae
reared uncrowded (---- ) and crowded (-----) throughout
development. Ecdysis to the ultimate stadium and pupa 
occurred on days one and five respectively. The colour phase 
of uncrowded and crowded larvae was green and black, 
respectively. Points represent means ± 95% confidence 
intervals (n = 18).
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respectively.
Effect of density on JH and a-NA esterase
Two peaks of haemolymph JHE activity were observed during the 
ultimate stadium of uncrowded and crowded A. gemmatalis larvae (Fig. 
2). The first peak coincided with the time of maximum weight (S5D3, 
Fig. 1) while the second peak coincided with the prepupal period 
(S5D5). Uncrowded larvae had a level of JHE activity for the first 
peak (S5D3) that was greater than crowded larvae (uncrowded=78.8 ± 4.3 
and crowded=33.9 ± 5.5, nmole/min-ml, mean ± 95% C.I.). However, the 
prepupal peak (S5D5) of JHE activity in uncrowded larvae was less than 
crowded larvae (uncrowded=18.9 ± 7.4 and crowded=39.6 ± 7.5, 
nmole/min-ml, mean ± 95% C.I.). The pattern for haemolymph JHE during 
the ultimate stadium was examined as a proportion of the wet weight.
It was similar to the JHE activity pattern in respect to the 
differences between uncrowded and crowded larvae (Fig. 2).
The pattern of haemolymph a-NA esterase activity was similar for 
uncrowded and crowded larvae (Fig. 2) but different than the JHE 
activity pattern (Fig. 2). Esterase activity on a-NA increased 
throughout the ultimate stadium to a peak on D5 (uncrowded=2.1 ± 0.3 
and crowded=1.9 ± 0.3, mmole/min-ml, mean ± 95% C.I.) but decreased to 
low levels in one-day-old pupae (D6, Fig. 2; uncrowded=0.4 ±0.1 and 
crowded=0.9 ± 0.5, mmole/min-ml, mean ± 95% C.I.).
Effect of hormone treatment on JHE activity
Crowded, black ultimate stadium larvae were treated with 
epofenonane (1x10  ̂M) 12 hrs before determination of the haemolymph
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Fig. 2. Patterns of haemolymph juvenile hormone esterase (JHE)
activity on JH III (5x10  ̂M), JHE activity as a proportion
of the wet weight and esterase activity on a-naphthyl acetate 
-4(2.5x10 M) during the ultimate stadium of synchronous A.
gemmatalis larvae reared uncrowded (---- ) and crowded
(-----) throughout development. Ecdysis to the ultimate
stadium and pupa occurred on days one and five respectively. 
The colour phase of uncrowded and crowded larvae was green 
and black, respectively. Points represent means ± 95% 
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JHE activity at 0 hr ALO. The JHE activity of treated S5D2 and S5D3 
crowded larvae was higher than that of crowded controls, attaining the 
level of activity observed in uncrowded larvae (Table 2). Epofenonane 
treatment increased the JHE activity in crowded prepupae (S5D5) 
approximately two times above crowded and uncrowded controls (Table 
2). Epofenonane treatment of crowded ultimate stadium larvae had no 
affect on haemolymph a-NA esterase activity (Table 2) and the degree 
of pigmentation.
Crowded, S3D1 feeding phase larvae were treated with epofenonane 
(1x10  ̂M) and the resultant effect on colour and haemolymph JHE 
activity was observed in the ultimate stadium. Epofenonane treatment 
prevented dark pigmentation of crowded larvae and increased the JHE 
activity in S5D2 larvae approximately 2.5 times above crowded, black 
controls (Table 3). However, the JHE activity of crowded, treated 
larvae was not increased to the level of uncrowded, green larvae 
(Table 3). No differences in JHE activity were observed in the 
treated and crowded, green and intermediate larvae (Table 3). JHE 
activity in crowded and treated, green prepupae (S5D5) was decreased 
below the level of crowded, black controls to the level of uncrowded, 
green controls (Table 3). Crowded and treated, intermediate prepupae 
had a level of JHE activity that was intermediate between crowded and 
uncrowded controls (Table 3). Epofenonane treatment had no affect on 
haemolymph a-NA esterase activity (Table 3).
Effect of hormones on larval colour and development
JH I and epofenonane, were topically applied to crowded third 
stadium larvae in the early feeding phase (0-1 hr ALO, S3D1). The
Table 2. Induction of JHE activity 12 hrs after treatment of ultimate stadium larvae
with the JH analog epofenonane.*
Day in the Density Treatment Color n JHE Activity a-NA Activity
Ultimate (#/dish) (nmole/min-ml) (mmole/min-ml)
2Stadium
I3 7 ETOH Black 6 3.5 ± 2.0a 0.6 ± 0.2a
2 7 ETOH Black 6 20.7 ± 3.1b 1.1 ± 0.2a
2 7 30 yg Black 6 64.7 ± 10.8c 1.4 ± 0.2a
2 1 ETOH Green 6 68.2 ± 4.8c 1.4 ± 0.2a
23 7 ETOH Black 3 39.7 ± 5.7a 2.0 ± 0.1a
3 7 ETOH Black 3 42.7 ± 4.1b 2.1 ± 0.2a
3 7 30 yg Black 3 91.1 ± 4.7c 2.5 ± 0.5a
3 1 ETOH Green 3 84.2 ± 7.9c 1.9 ± 0.7a
5 7 ETOH Black 5 33.1 ± 4.8a 2.0 ± 0.3a
5 7 30 yg Black 6 75.6 ± 8.3b 2.3 ± 0.2a
5 1 ETOH Green 5 23.1 ± 3.6c 1.6 ± 0.6a
*Values are means ± 95% confidence interval and means within a column and day in the
ultimate stadium followed by the same letter are not significantly different 
(cx=0.05; Duncan's multiple range test).
2Days 1, 2, and 3 are feeding period larvae while D5 are prepupal period larvae.
3These insects were analyzed at the time of treatment (12 hr ALO).
Table 3. Induction of JHE activity in the ultimate stadium after treatment of third










2 7 ETOH Black 3 8.2 + 7.1a 0.8 ± 0.3a
2 7 30 yg Green 3 22.9 ± 6.4b 0.6 ± 0.1a
2 7 30 yg Intermediate 3 21.6 ± 3.7b 0.6 ± 0.2a
2 1 ETOH Green 3 76.6 ± 17.0c 0.8 ± 0.1a
5 7 ETOH Black 4 29.9 ± 3.4a 2.1 ± 0.5a
5 7 30 yg Green 3 17.4 ± 4.3b 1.6 ± 0.4a
5 7 30 yg Intermediate 6 24.8 ± 4.6ab 1.9 ± 0.6a
5 1 ETOH Green 3 16.9 ± 4.0b 1.3 ± 0.6a
^Values are means ± 95% confidence interval and means within a column and day in the
ultimate stadium followed by the same letter are not significantly different 
(a=0.05; Duncan's multiple range test).
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Fig. 3. Dose response of the colour score (green=0, intermediate=50 
and black=100) or degree of dark pigmentaion of ultimate 
stadium A. gemmatalis larvae to topical application of 
third-feeding stage larvae (S3D1) with JH I and epofenonane. 
Points represent means ± 95% confidence intervals (n = 10).
resultant colour of last stadium larvae was dose-dependent (Fig. 3).
-1.4Higher amounts of JH I (ED,.q=1x 10 ’ M or 10.8 pg) or epofenonane
_2 ^(ED^q=1x 10 * M or 0.8 pg) reduced the degree of dark pigmentation
(Fig. 3). Epofenonane was more effective than JH I because of Its 
greater stability In the Insect. Although a dose response was not
determined for crowded S4D1 larvae, epofenonane prevented pigmentation
-3 -1at a dose (1x10 M, 0.3 pg) that was lOOx lower than the dose (1x10
M, 30 pg) that prevented pigmentation of crowded S3D1.
Topical application of the anti-JH's, FMEV and DFH, to uncrowded
third or fourth stadium feeding phase larvae (0-1 hr ALO, S3D1 or
S4D1) had no effect on the degree of pigmentaion at doses which were
not toxic (£1x10  ̂M for FMEV and £1x10 * M for DPH).
Treatment of crowded S3D1 larvae with 1x10 * M of epofenonane
resulted in one-day-old pupal and adult weights (pupae=175 ± 13 mg and
adults=84 ± 7 mg, mean ± 95% C.I.) that were intermediate (P£0.0047)
between crowded (pupae=136 ± 10 mg and adultss60 + 9 mg, means ± 95%
C.I.) and uncrowded (pupae=215 ± 11 mg and adults=91 i 9 mg, means ±
95% C.I) controls. Duration of the larval stage of treated S3D1
larvae (19.8 ± 1 days, means ± 95% C.I.) was longer (P£0.0001) than
uncrowded and crowded controls (uncrowded=l4.5 ± 0.3 days and
crowded=15.9 ± 1 days, means ± 95% C.I.). No differences in the
duration of the pupal stage between treated and control larvae were
observed (PS0.35). Pupal and adult weights of males were greater than
females (P£0.0004) but no differences were observed in the durations
of larval or pupal stages (P£0.32). The interaction between dose and
sex was not significant (P£0.34) for all dependent variables tested
(pupal and adult weights or larval and pupal durations) indicating
that the effect of dose was independent of sex. Development did not
differ from crowded controls when S3D1 larvae were treated with JH I
-3 -1doses ranging from 1x10 to 1x10 M.
DISCUSSION
The population density during the ultimate stadium of A. 
gemmatalis affected the development of the phase characters, rate of 
growth (larval duration) and size (pupal and adult weight). Since 
most of the growth and development of A. gemmatalis larvae occurs 
during the ultimate stadium, one may have expected more than an 
intermediate affect on larval duration and size when the density Was 
reduced at this stadium. Thus, the larval population density in 
stadia before the ultimate stadium is also affecting the development 
of the phase characters, growth rate and size, in A. gemmatalis.
The colour of A. gemmatalis larvae was also affected by the 
density in earlier stadia with the highest degree of dark pigmentation 
occurring only when larvae were crowded throughout larval development 
(FESCEMYER and HAMMOND, 1986). Although colour phase change in A. 
gemmatalis does not occur until after ecdysis to the ultimate stadia,
I
the results of this study showed that isolation of crowded larvae at 
the ultimate stadium does not affect the degree of dark pigmentation. 
Although phase variation in colour, growth rate and size appear to be 
ontogenetic responses to an environmental factor heralding adversity 
(JOHNSON, 1969), colour phase variation is not influenced by 
population density during the ultimate stadium as it is for size and 
growth rate phase variation.
The haemolymph JHE activity pattern for the ultimate stadium of 
A. gemmatlis is similar to that reported for most Lepidoptera (VINCE 
and GILBERT, 1977; SPARKS et al., 1979a; JONES et al., 1982). The 
same JHE activity pattern was also observed when A. gemmatalis larvae 
were reared uncrowded on artificial diet (FESCEMYER et al., 1986). 
Synchronous uncrowded and crowded A. gemmatalis larvae reared on 
soybean were selected on the basis of their weight before ecdysis to 
the ultimate stadium. Despite the differences in the level of 
activity, the JHE activity patterns of developmentally synchronous 
crowded and uncrowded larvae were similar indicating that these larvae 
were physiologically synchronous. The initiation and regulation of 
larval to larval and larval to pupal transformations in uncrowded and 
crowded A. gemmatalis larvae appears to be similar to that reported 
for Manduca sexta (L.) (TRUMAN and RIDDIFORD, 1974; NIJHOUT and 
WILLIAMS, 1974) and Trichoplusia ni (HUbner) (JONES et al., 1981).
JHE activity and weight during the ultimate-feeding stage (S5D3) 
of crowded, black A. gemmatalis larvae was much lower than observed 
for uncrowded, green larvae. Since JHE levels can be a function of 
weight during the ultimate-feeding stage (Sparks jet al., 1983), 
differences in the JHE activity between uncrowded and crowded larvae 
might be expected to be a function of weight. However, the pattern of 
JHE activity on the basis of larval wet weight was similar to the JHE 
activity pattern. This indicates that differences in the JHE activity 
between uncrowded and crowded larvae are not a function of weight.
Haemolymph JHE activity can also be a function of the JH titre 
(SPARKS et al., 1979b; HAMMOCK et al., 1981; SPARKS et al., 1983). 
Increasing the JH level of crowded ultimate-feeding stage A.
gemmatalis larvae by topical application of epofenonane increased the 
JHE activity to the level of uncrowded controls. Epofenonane 
treatment of crowded S3D1 A. gemmatalis larvae also resulted in the 
induction of JHE activity in the ultimate-feeding stage above the 
level of crowded controls. Thus, JH may modulate JHE titres in 
feeding ultimate stadium larvae resulting in JH stimulating its own 
degradation which was also found for M. sexta (SPARKS jet al., 1983) 
and T. jni (SPARKS and HAMMOCK, 1979b) . This information suggests that 
the low JHE activity of crowded ultimate-feeding stage larvae is due, 
in part, to a lower JH titre.
JHE activity in crowded A. gemmatalis prepupae increased more 
than two times above uncrowded and crowded controls when the JH level 
of late wandering larvae (S5D4) was increased by topical application 
of epofenonane. During the prepupal stage (S5D5) of crowded, black 
larvae, JHE activity was much higher than observed for uncrowded, 
green larvae. Treatment of S3D1 crowded A. gemmatalis larvae resulted 
in a depression of the JHE activity to the level of uncrowded 
controls. Thus, JH is the primary regulator of JHE during the 
prepupal stage of A. gemmatalis which has also been hypothesized for 
M. sexta (SPARKS et al., 1983) and T. ni (SPARKS and HAMMOCK, 1979b; 
SPARKS et al., 1979b; HAMMOCK et al., 1981).
The pattern of a-NA esterase activity was not only different from 
the JHE activity pattern but did not differ between crowded and 
uncrowded larvae. Differences observed in the JHE activity between 
crowded and uncrowded larvae were not due to general esterases but 
were probably due to a specific JHE(s). General esterase activity has 
also been shown to not account for JHE activity in M. sexta (SPARKS at
al., 1983) and T. ni (SPARKS and HAMMOCK, 1979a; SPARKS et al.,
1979a).
Inhibition of dark pigmentation in ultimate stadium larvae by 
topical application of crowded S3D1 larvae with JH I and the JH mimic 
epofenonane suggests that dark pigmentation is due to a low level of 
JH. Since JH applications prevented dark pigmentation, the epidermal 
cells of crowded larvae do not lack JH receptors and haemolymph JH 
binding proteins. In migratory locusts, application of JH to crowded, 
dark gregarious phase larvae also resulted in the solitary phase green 
colouration (NIJHOUT and WHEELER, 1982; PENER, 1983). Thus, the 
density-dependent process regulating pigmentation in A. gemmatalis 
involves JH. Since dark pigmentation requires the absence of JH, the 
JH titre of uncrowded, green larvae must be higher than crowded, black 
larvae.
The most sensitive period to JH inhibition of dark pigmentation 
in A. gemmatalis was the penultimate-feeding stage (S4D1). JH had no 
affect on pigmentation once it had occurred in the ultimate stadium. 
Similar critical periods for the control of larval pigmentation occur 
in M. sexta (CURTIS et al., 1984), Bombyx mori L. (OHASHI et̂  al., 
1983), Leucania separata Walker (OGURA, 1975) and Mamestra brassicae 
(L.) (HIRUMA et al., 1984).
The mechanism regulating the JH titre in relation to population 
density does not appear to involve JHE whose activity appears to be a 
function of the JH titre. If JHE was regulating JH titre then higher 
levels of JHE activity would have been expected to occur in crowded 
larvae. JHE in uncrowded and crowded larvae probably functions to 
clear JH from the haemolymph so metamorphosis may proceed as
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hypothesized for other Lepidoptera (VINCE and GILBERT, 1977; HAMMOCK 
et al., 1981; SPARKS and HAMMOCK, 1979b; JONES et al., 1982). The 
lowered JH titre of crowded A. gemmatalis larvae may be due to a 
lowered corpus allatum biosynthetic activity which is known to produce 
the lowered JH titre in crowded, gregarious phase S_. gregaria (INJEYAN 
and TOBE, 1981).
The ultimate goal of a larva is to obtain the optimal body size 
that will result in a reproductively competitive adult (SLANSKY and 
SCRIBER, 1985). The ability of a larva to do this depends on the 
degree of favorability of the environment and the ability of the larva 
to compensate for less than ideal environmental conditions (ANGELO and 
SLANSKY, 1984). Crowded A. gemmatalis larvae appear to compensate for 
the less than ideal high density condition by slightly prolonging 
larval development and pupating at a lower than ideal optimum weight. 
Increasing the JH level was sufficient to cause crowded A. gemmatalis 
larvae to increase in weight which is characteristic of uncrowded 
larvae. However, epofenonane treated crowded larvae also increased in 
larval duration which is not characteristic of uncrowded larvae. JH 
application lengthened the ultimate-feeding stage of crowded £. litura 
larvae, which also reflected in an increase in size of the pupae (TOJO 
et al., 1985). In many species of insects, prolongation of the larval 
stage and an increase in pupal size are induced by increasing the 
normal JH level by exogenous application (SEHNAL, 1976). Thus, 
increasing the JH level of crowded A. gemmatalis larvae is affecting 
larval duration, which is reflected in the Increased size of the 
pupae. If the JH level of crowded larvae was higher or at least equal 
to the level of uncrowded larvae, the development time of crowded
larvae would be greatly prolonged. This would prolong larval exposure 
to the adverse high density condition which could result in reduced 
survival due to depletion of food sources or extended exposure to 
predation, parasitism or disease. The lower JH level of crowded 
larvae would enable them to pupate at a lower than ideal optimum 
weight and thus, complete development more rapidly than if the JH 
level was higher. In S. litura, crowded gregarious phase larvae also 
have a lower JH titre, a smaller pupal weight and a shorter larval 
development time than uncrowded solitary phase larvae (YAG1 and 
KURAMOCHI, 1976; TOJO et al., 1985).
The type of density-dependent color, size and growth rate phase 
variation occuring in A. gemmatalis is similar to locusts (UVAROV, 
1921; PENER, 1983) and other migratory Lepidoptera (FAURE, 1943; 
JOHNSON, 1969; IWAO, 1968; NIJHOUT and WHEELER, 1982), and appears to 
be a continuous ontogenetic response to an environmental factor 
heralding adversity (JOHNSON, 1969). The density-dependent occurrence 
of phase variation and the biological properties associated with 
migration are correlated in armyworms and locusts (UVAROV, 1921;
FAURE, 1943; IWAO, 1968; PENER, 1983). Thus, high population density 
may serve as a cue to larvae of A. gemmatalis and other species to 
produce migrant form adults. Of the many hormones which influence 
insect biology only JH has been reported to mediate physiological 
processes related to migration (RANKIN and RANKIN, 1979; PENER, 1983). 
The results of this study suggest that the effect of population 
density on colour, growth rate and size phase variation in larvae of 
the migratory insect A. gemmatalis is regulated by a neuroendocrine 
process in which JH has an important function.
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SUMMARY AND CONCLUSIONS
An investigation of the physiological development of Anticarsia 
gennnatalis Htlbner was performed with respect to larval population 
density and soybean plant age. Emphasis was placed on: (1) larval
color and developmental variation; (2) variation in adult size 
(weight) and biochemical composition; (3) hemolymph and whole body 
carbohydrate and lipid levels during flight; and (4) the role of 
juvenile hormone (JH) and its metabolism in regulating variation in 
larval color, larval development and adult size.
Phase variation is a biological phenomenon which occurs in many 
migratory insects and involves larval density-dependent changes in 
color, size, growth rate, physiology and behavior that are continuous 
and ontogenetic. Increasing the density of A. gemmatalis larvae 
resulted in: (1) an increase in the degree of dark larval 
pigmentation under field and laboratory conditions; (2) a decrease in 
larval, pupal and adult size; (3) a decrease in weight gain during the 
ultimate stadium; (4) a slight prolongation of the larval stage; and 
(5) low juvenile hormone (JH) and juvenile hormone esterase (JHE) 
titers. The color, size and growth rate were continuously affected by 
density resulting in a greater proportion of the darker (black), 
smaller and slower developing phase as density increased. Color, size 
and growth rate were also ontogenetically affected by density 
resulting in a greater proportion of the darker, smaller and slower 
developing phase as the duration of crowding during larval development
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was increased. The effect of density on color, size and growth rate 
was shown to be regulated by JH. Increasing the JH titre of crowded 
larvae increased the proportion of the lighter (green), larger and 
faster developing phase, suggesting that the JH titre of crowded 
larvae is lower than uncrowded larvae. Thus, changes in the 
environmental factor, population density, are producing continuous, 
ontogenetic changes in the physiological development of A. gemmatalis 
that result in phase variation.
Soybean leaf nutritional quality declined during the reproductive 
stages tested in this investigation. Increasing the age of soybean 
fed to A. gemmatalis larvae resulted in a prolongation of larval 
development and a reduction in adult size. Thus, A. gemmatalis larvae 
appear to be compensating for poor food quality by prolonging larval 
development and pupating at a lower than ideal minimum weight. The 
effects of food quality and high population density on larval 
development time and adult, size are not only similar, but the effect 
of density on larval duration was not independent of plant age. One 
of the essential factors influencing development in crowded 
populations of A. gemmatalis larvae appears to be food nutritional 
quality.
If A. gemmatalis larvae were developing into a premigrant morph 
in response to high population density and/or poor food quality, the 
relative flight fuel content may be expected to be greater in adults 
from larvae reared under these environmental conditions. Although 
lipid comprised 95% of the flight fuel content, its relative content 
was not influenced by density or food quality. The linear 
relationship between lipid and dry weight indicates that larger
insects will have more total lipid. Migratory capacity in terms of 
the total energy available for flight must be reduced in the smaller 
adults which result from the effects of larval crowding and poor food 
quality. However, smaller A. gemmatalis moths were reported to have a 
low wing loading ratio suggesting that flight is more energetically 
efficient in these smaller moths. The lack of significant blood or 
whole body lipid depletion after four hours of flight indicates that 
lipid is efficiently used as the primary flight fuel for long-distance 
movements. A low energetic cost of flight in these smaller moths may 
be making up for the lower total energy content.
The developmental, morphological and physiological response of A. 
gemmatalis larvae to high population density and poor food quality was 
shown in this investigation to be similar to many other migratory 
insects. However, further study is needed to relate the larval 
response to density and food quality with adult migratory behavior. 
Examination of adult size and biochemical composition in relation to 
larval ecology must be correlated to adult behavior before premigrants 
and migrants can be separated from nonmigrants. Although adults from 
uncrowded and crowded larvae may have similar migratory capacities, 
their adult flight behavior may differ. This investigation was 
conducted largely on the premise that environmental conditions during 
the larval stage provided stimuli for larvae to develop into adults 
conditioned to migrate. Adult migration may not occur unless it is 
presented with the proper environmental stimuli from environmental 
factors, such as photoperiod, temperature, weather conditions, food 
quality and quantity and even larval population density. Effort 
should now be concentrated on the relationship between larval ecology
and adult behavior in terms of initiation, orientation, maintenance 
and termination of flight. Reproductive behavior is often integrated 
with migration behavior in many migratory insects. The integration of 
reproductive and flight behaviors occurs at the neuroendocrine level 
and low JH titers in the larvae and adult are often associated with 
migration behavior and a delay in reproduction. Low JH titers have 
been shown in this investigation to occur in crowded A. gemmatalis 
larvae. Studies should now be conducted to determine if low JH titers 
are involved in the regulation of adult migration and reproduction in 
relation to larval or adult ecology. This investigation of A. 
gemmatalis has shown that the neuroendocrine system regulates the 
development of different larval and adult morphs in response to a 
changing environment. By extending this same concept to the adult and 
including an investigation of adult flight and reproductive behavior 
in relation to adult and larval ecology, one could begin to understand 
how migration develops in A. gemmatalis as a life history strategy.
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